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ABSTRACT 
 The lower Pliocene Andromeda Mound Complex, located in the eastern Mediterranean 
Levant Basin, comprises an unusual series of mounded, deepwater sand deposits that developed 
on the sea floor due to syndepositional structural growth. Analysis is based on 98 2D seismic 
lines, a 2886 km2 3D seismic volume, and 1 well log suite penetrating the Andromeda Mound 
Complex. The Andromeda Mound Complex is composed of fifteen individual or small groups of 
mounds (A-O) that are confined to the Yafo Sand Member. The fifteen large, mounds are 
separated into three distinct groups, based on both their internal and external seismic facies.  
Group 1 mounds (A-H) are structurally the simplest and most easily interpreted. Thickening of 
the Yafo Sand Member is typically the result of a single thrust fault or box fold. The mounds of 
Group 2 (I and J) are larger and more structurally complex than those in Group 1. They are more 
extensively faulted and also contain growth-related sediments. Group 3 mounds (K-O) are the 
most difficult to interpret. The internal reflections of those mounds have low continuity and 
extremely low to high amplitude, in part due to extensive deformation.  No definitive internal 
structural or stratigraphic interpretation was possible for the Group 3 mounds.  
Several important factors contributed to the formation of the unique Andromeda Mound 
Complex. These factors include: (a) formation of pre-Messinian pockmarks on the sea-floor; (b) 
iii
initial deposition of Messinian Evaporites that originally extended farther updip than present-day 
distribution; (c) deposition of the turbidite sands of the Yafo Sand Member on a low gradient 
slope overlying the top Messinian Evaporites; (d) uplift during the early Pliocene of the 
underlying Syrian Arc folds, which created conduits for the vertical migration of undersaturated, 
low-salinity fluids into the Messinian Evaporites; (e) variable amounts of Messinian Evaporite 
dissolution within the study area; (f) mass-movement of individual blocks of the Yafo Sand 
Member along the basal detachment surface into collapse features associated with Messinian 
Evaporite dissolution; and (g) Messinian Evaporite dissolution resulting in the creation of the 
mounded portions of the Yafo Sand Member and overlying sediments. 
iv
AKNOWLEDGEMENTS 
 
 First I would like to thank my advisor, Dr. Paul Weimer. He gave me the 
opportunity to join the quality Geology Department at the University of Colorado at 
Boulder, specifically the Energy, Minerals and Applied Research Center (EMARC). Here 
I was given the chance to work on this very unique data set. In addition to the 
opportunity, Dr. Paul Weimer also taught me the tools and provided the guidance 
necessary to complete this Thesis. 
 Dr. Renaud Bouroullec, a member of the EMARC team, was always willing to sit 
with me and listen to my many thoughts and ideas on various components of this Thesis. 
In addition to pointing me towards pertinent literature, he played an integral role in 
helping me develop these thoughts and ideas. I would also like to thank him for 
participating as a member of my Thesis Committee.  
 This Thesis would not have been possible if not for Dr. Michael Gardosh of the 
Geophysical Institute of Israel. He gave me the privilege to work with this fantastic data 
set and his input, initially and throughout my time at the University of Colorado, was 
critical. 
 I would also like to thank Henry Pettingill and Noble Energy Corporation for their 
advice and financial support. Without this generosity, it would have been much more 
difficult to complete this project. 
 The expertise of Andrew Hurst (University of Aberdeen, UK) significantly helped 
me establish what type of features I was actually looking at within the study area. This 
v
assisted in ruling out certain scenarios, which helped point towards a more valid geologic 
interpretation of the data. 
 Thank you to Ken Fredricks and Kent Campbell of Fusion Geophysical for their 
advice along the way, but also utilizing some of their geophysical techniques to gain a 
better understanding of the seismic data.   
 Geoff Dorn (Terra Spark Geosciences) was also kind enough to take the time to 
be a member of my Thesis Committee. Terra Spark Geosciences also allowed us to use 
their software, Insight Earth, which aided in seismic attribute generation during the 
interpretation of this data set. 
Thank you to SMT Kingdom, Petrel Schlumberger, and IHS Petra, for kindly 
supplying the licensees for the various software packages. 
Finally I would like to acknowledge my wonderful wife, Sinta. She always pushes 
and motivates me to be the best that I can possibly be at anything I do. Our time apart 
during this process was difficult for both of us and without her understanding and 
unwavering support, this would not have been possible.  
 
vi
CONTENTS 
INTRODUCTION…………………………………………………………………..…………….1 
DATA SET……………………………………………………………………………………... 13 
REGIONAL SETTING……………………………………………………………………..….. 16 
 Structure………………………………………………………………………..……….. 16 
 Stratigraphy……………………………………….....................................…...................19 
Permian – Upper Miocene……...……………………………………………..…19 
Messinian Evaporites (Messinian Salinity Crisis)……...……………………..…24 
Pliocene – Pleistocene…………….……...………………………………..…..…33 
METHODS…………………………………………………………………………….……….. 37 
 Horizons……………...…………………….……………………………………….…... 37 
 Calculated Interval Velocity……………………………………………………...…….. 38 
 Seismic Attributes……………………………………………………………..………... 40 
 Interpretation………………………………………………………………...…………...44 
GEOLOGIC DESCRIPTION……………………………………………………………………45 
 Introduction……………………………………….........................................…...............45 
 Definition of Mounds………………………………………………………..…………...45 
vii
 Group 1 Mounds………………………………….........................................…...............48 
Mound A…………………………..……...……………………………….…..…52 
Mound B…………………………..……...…………………………….……..…56 
Mound C…………………………..……...………………………….………..…57 
Mound D…………………………..……...…………………………….……..…59 
Mound E…………………………..……...……………………………..……..…63 
Mound F…………………………..……...…………………………..………..…69 
Mound G…………………………..……...…………………….……………..…69 
Mound H…………………………..……...……………………….…………..…83 
 Group 2 Mounds…………………………………..............................................…..........83 
  Mound I…………………………..……...……………………………..……...…86 
  Mound J…………………………..……...……………………………..……..…96 
 Group 3 Mounds…………………………………......................................…................102 
  Mound K…………………………..……...……………………….……………108 
  Mound L…………………………..……...………………………..………....…111 
  Mound M………………………..……...…………………………..………..…111 
  Mound N…………………………..……...……………………...…………..…114 
viii
  Mound O…………………………..……...………………….……………....…116 
 Features Critical to Formation of the Andromeda Mound Complex…………………...117 
  d1 and d2 Depressions………..……...………...……….……………..……..…117 
  Evaporite Dissolution…………..……...…………………………...………...…118 
  Collapse Features………………..……...……………………………..……..…123 
  Evidence of Evaporite Dissolution in Map View………………...……….....…132 
DISCUSSION……………………………………………………………………….………….143 
Introduction.………………………………………………………………..…………...143 
 Eolian Dunes…………………………………………………………….……………...144 
 Injected Siliciclastics………………….………………………………….…………….146 
 Evaporite Cored Mounds……………………………………………………...………..151 
 Mass-Transport Deposits (MTD)……………………………………………………….155 
 Proposed Models for Mound Formation.…………………………………….…………157 
Mass Transport of the Yafo Sand Member………………………….………….157 
Formation Model for Group 1 Mounds...………………………………………157 
d1 and d2 Interpretation………………...………………………………………163 
Formation Model for Groups 2 and 3 Mounds...……………………….………169 
ix
 Timing of Main Events……………………………………………………..…………..174 
CONCLUSIONS………………………………………….........................................................177 
REFERENCES………..………………………………………………………….…………….179 
 
x
Tables 
Table 1. Mound measurements and descriptions…………………….…………………..47 
xi
Figures 
1. Location of the Levant Basin……………………………………………………..…………….2 
2. Exploration history map……………………………………………………..………………….3 
3. Stratigraphic column.……………………………………………………..…………………….4 
4. Yafo Sand Member depositional extent map……………………………………..…………….5 
5. Mari-B and Nir formation model………………………………………………....…………….6 
6. Interpreted regional vertical seismic profile……………………………………...…………….7 
7. Top YSM time structure map……………………………………………...……..…………….8 
8. YSM regional isochron map………………………………………………….…..…………….9 
9. YSM zoomed isochron map……………………………………………………..…………….11 
10. Andromeda East-1 wireline log………………………………………………..…………….12 
11. 2D and 3D seismic data map…………………………………………………..…………….14 
12. Gulf of Mexico biostratigraphic chart……………………………………..…..…………….15 
13. Major tectonic events vertical profile……………………………………...…..…………….17 
14. Base Oligocene time structure contour map…………………………………...…………….18 
15A. Uninterpreted vertical seismic profile of Mound A, B and the Syrian Arc..………...…….20 
15B. Interpreted vertical seismic profile of Mound A, B and the Syrian Arc……………...……21 
xii
16. Base Evaporite horizon time structure contour map………………………..………….…….22 
17. Base Yafo/Top Evaporite horizon time structure contour map.………………..…...……….23 
18. d1 and d2 time structure contour map…………………………………………..……………26 
19. Messinian Evaporite isochron map…………………………………………..……...……….27 
20. RMS amplitude extraction map above the Base Yafo/Top Evaporite horizon……………....29 
21. Remnant evaporite RMS amplitude extraction map…………………..………………….….30 
22A. Uninterpreted remnant evaporite vertical seismic profile.……………….………..……….31 
22B. Interpreted remnant evaporite vertical seismic profile.…………………..………..……….32 
23. YSM vertical seismic profile…………………………………………..…………………….35 
24. MTD vertical seismic profile…………………………………………..…………………….36 
25. Well to seismic tie…………………………………………..…………………………….….39 
26. 3D window location map……………………………………..……………………..……….41 
27AB. Mound A, B, and C 3D window……………………………………….…...…………….42 
27C. Mound A, B, and C 3D window ………………………………………...…..…………….43 
28. Vertical seismic profile location map…………………………………..……...…………….46 
29A. Uninterpreted Mound J vertical seismic profile……………………………...…………….49 
29B. Interpreted Mound J vertical seismic profile.………………………..…………….……….50 
xiii
30. Mound E vertical seismic profile ……………………………………………...…………….51 
31. Mound A vertical seismic profile.……………………………………..…………………….53 
32. Mound A and B vertical seismic profile.…………………………………..…..…………….54 
33. Mound A and B vertical seismic profile.…………………………………..…..…………….55 
34. Mound C vertical seismic profile.……………………………………..………….………….58 
35. Mound D vertical seismic profile.……………………………………………..…………….60 
36AB. Mound D 3D window……………………………………..………………………..…….61 
36CD. Mound D 3D window.……………………………………..……………………….…….62 
37. Mound E vertical seismic profile ……………………………………………...…………….64 
38. Mound E vertical seismic profile ……………………………………………...…………….65 
39AB. Mound E 3D window……………………………………..…………………..………….66 
39CD. Mound E 3D window……………………………………..…………………..………….67 
39EF. Mound E 3D window……………………………………..…………………...………….68 
40. Mound F vertical seismic profile……………………………………………....…………….70 
41. Mound F vertical seismic profile.………………………………………….…..…………….71 
42. Mound F vertical seismic profile ……………………………………………...…………….72 
43AB. Mound F 3D window………………………………………………..……..…………….73 
xiv
43CD. Mound F 3D window……………………………………..…………………..………….74 
43E. Mound F 3D window……………………………………..……………………….……….75 
44. Mound G vertical seismic profile.……………………………………………..…………….77 
45. Mound G vertical seismic profile.……………………………………………..…………….78 
46. Mound G vertical seismic profile.……………………………………………..…………….79 
47AB. Mound G 3D window……………………………………..…………………….……….80 
47CD. Mound G 3D window……………………………………..……………………….…….81 
47E. Mound G 3D window……………………………………..……………………………….82 
48. Mound H vertical seismic profile.……………………………………………..…………….84 
49. Mound H 3D window.……………………………………..………………………..……….85 
50. Group 2 mounds growth-related sediment map.…………………..…………..…………….87 
51A. Uninterpreted Mound I vertical seismic profile.……………………………..…………….88 
51B. Interpreted Mound I vertical seismic profile ………………………………...…………….89 
52A. Uninterpreted Mound I vertical seismic profile.……………………………..…………….90 
52B. Interpreted Mound I vertical seismic profile.………………………..………….………….91 
53A. Uninterpreted Mound I vertical seismic profile.……………………………..…………….92 
53B. Interpreted Mound I vertical seismic profile ………………………………...…………….93 
xv
54AB. Mound I 3D window………………………………..……………………………...…….94 
54CD. Mound I 3D window.……………………………………..…………………..………….95 
55A. uninterpreted Mound J vertical seismic profile ……………………………..…………….98 
55B. Interpreted Mound J vertical seismic profile.………………………………..…………….99 
56AB. Mound J 3D window.……………………………………..…………………………….100 
56CD. Mound J 3D window.……………………………………………………..…………….101 
57A. Uninterpreted flank of Mound J vertical seismic profile……………….…..…………….103 
57B. Interpreted flank of Mound J vertical seismic profile.……………..…………….……….104 
58A. Uninterpreted vertical seismic profile through Mound I and J intersection.….………….105 
58B. Interpreted vertical seismic profile through Mound I and J intersection…………………106 
59. Mound M vertical seismic profile.……………………..……………………………..…….107 
60. Mound L vertical seismic profile.……………………..…………………………...……….109 
61. Mound O and K vertical seismic profile.……………………..…………………………….110 
62A. Uninterpreted composite vertical seismic profile of Group 3 mounds……………..…….112 
62B. Interpreted composite vertical seismic profile of Group 3 mounds……………………....113 
63. Mound N vertical seismic profile.……………………..………………………………..….115 
64A. Uninterpreted vertical seismic profile of d2………………………………..…………….119 
xvi
64B. Interpreted vertical seismic profile of d2……………………..……………….………….120 
65A. Uninterpreted vertical seismic profile of evaporite evacuation.………………………….121 
65B. Interpreted vertical seismic profile of evaporite evacuation………..…………………….122 
66. Map of collapse features south of the study area.……………………..………...………….124 
67. 3D view of a collapse feature south of the study area……………………..……………….125 
68. Collapse features south of the study area formation model…………..…………………….126 
69A. Uninterpreted vertical seismic profile of the YSM across a structural high.…….……….128 
69B. Interpreted vertical seismic profile of the YSM across a structural high ………………...129 
70. RMS amplitude extraction map of collapse features and pockmarks…………………...….130 
71. Vertical seismic profile of collapse features.……………………..…………………..…….131 
72. PP1-PP6 isochron maps.……………………..………………………………………….….133 
73. Schematic map of PP1-PP6 iso-thicks.……………………..…………………...………….134 
74. PP1 isochron map.……………………..……………………………………………..…….135 
75. PP2 isochron map.……………………..……………………………………………..…….137 
76. PP3 isochron map.……………………..………………………………………..………….138 
77. PP4 isochron map.……………………..…………………………………………..……….139 
78. PP5 isochron map.……………………..……………………………………………..…….141 
xvii
79. PP6 isochron map.……………………..……………………………………………..…….142 
80. Nir-1 well log information…………………………………………………...….………….148 
81A. Interpreted regional vertical seismic profile…….……………………………….……….153 
81B. Interpreted regional interval velocity profile………………………………….………….154 
82ABC. Group 1 mound formation model………………………………………….………….159 
82DEF. Group 1 mound formation model.……..………………………..………….………….160 
83. RMS amplitude extraction map of the Base Oligocene horizon….………………..……….165 
84. Pockmark composite vertical seismic profile…….….…………………………….……….166 
85ABC. Group 2 and 3 mound formation model….……………………………………..…….170 
85DEF. Group 2 and 3 mound formation model….……………………………………...…….171 
86. Timing of main events……………………….…………………………………….……….175 
xviii
INTRODUCTION 
 The Levant Basin is located in the southeastern portion of the Mediterranean Sea and is 
bordered to the south by the African Plate, to the south and east by the Sinai Plate, and the 
Eurasian Plate to the north (Figure 1). This region has had significant petroleum exploration to 
the west in the Nile Delta region, but there has been considerable less drilling in the Levant 
Basin. Initial exploration between the late 1960s and late 1990s resulted in little success (Figure 
2). Beginning in the early 2000s, exploration concepts changed markedly and four major 
discoveries were made in the unusual lower Pliocene deepwater sands in the eastern portion of 
the basin. The Noa, Mari B, Nir and Gaza Marine fields are estimated to contain reserves of 
approximately of 3 TCF of gas (Figure 2). However, Mari B is the only currently producing 
field (Gardosh et al., 2008).  
The Nir and Mari B discoveries were made in several unique reservoir features. The 
reservoirs are part of the lower Pliocene Yafo Sand Member (Figures 3, 4) (Frey-Martinez et al., 
2007). Distinct anomalous seismic reflections, i. e. flat-spots, are present in the mounds that are 
caused by the gas/water interface in the reservoir. The distinguishing aspects of these reservoir 
intervals are their distinct mounded geometry that had prominent bathymetric expression at the 
time of their formation. The interpretation of these features is the Yafo Sand Member has been 
deformed due to the remobilization of finer grained siliciclastic sediments and subsequent 
upward injection (Figure 5) (Frey-Martinez et al., 2007). The overpressuring of turbidite sands 
in the underlying Oligo-Miocene Afiq submarine canyon was likely triggered by seismic activity 
and resulted in this remobilization (Figures 4, 5) (Frey-Martinez et al., 2007).  
A similar lower Pliocene mounded feature is located approximately 30 km northwest of 
the Mari B and Nir gas fields called Andromeda (Figures 4, 6-8). Interpretation of a newly 
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Figure 1. Main physiographic and tectonic elements of the Levant region (Modified From 
Gardosh et al., 2008).
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Figure 2. Offshore drilling history and main hydrocarbon occurrences. The Noa-Or,
Marie, Nir and Gaza Marine fields are recent gas discoveries in Pliocene
deepwater sands. Leviathan prospect to be drilled in the fourth quarter of 2010. See 
Figure 1 for the map location (Modified from Gardosh et al., 2008)
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Figure 3. Generalized chronostratigraphic and lithological scheme of the 
post-Eocene continental margin of Israel. The lithological column is based on 
unpublished well reports. Interpreted seismic horizons are annotated at their 
respective stratigraphic location (Modified from Frey-Martinez et al., 2005) 
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Figure 4. A generalized isopach map of the Yafo Sand Member (YSM) and exploration wells 
(red circles) that penetrate the sand. The YSM is aerially restricted to the depositional 
fairways of the el-Arish and Afiq Oligo-Miocene submarine canyons (edges are shown by 
dashed black lines). The approximate updip (southeastern) pinch-out of the Messinian 
Evaporites is annotated in pink. Blue dots indicate exploration wells (undifferentiated reser-
voir target). See Figure 2 for map location. (Modified from Frey-Martinez et al., 2007)
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Figure 5. Schematic cross sectional evolution summarizing the key 
stages in development of the mounded structures. The geometrical 
relationships of the mounds to the overburden are illustrated (from 
Frey-Martinez et al., 2007)
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Figure 7. Time-structure contour map of the Top Yafo Sand Member (YSM). Warm colors are 
highs and cool colors are lows. The contour interval is 50 msec. The updip (southeast) 
pinch-out of the Messinian Evaporites (pink line) corresponds with a linear depressions in the 
YSM. The Andromeda East-1 well is annotated AE-1 (red dot). The two large depressions 
are annotated d1 and d2. The approximate edges of the Afiq and Ashdod submarine 
canyons are annotated as black dashed lines.
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Figure 8. Isochron map of the Yafo Sand Member (YSM). Warm colors are thicks and cool 
colors are thins. The contour interval is 25 msec. The Andromeda East-1 well is annotated by 
the red dot. Note the locations of the thicker sections of the YSM. They tend to flank the 
updip (southeast) pinch-out of the Messinian Evaporites (pink line). The approximate edges 
of the Afiq and Ashdod submarine canyons are annotated as dashed black lines.
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acquired 3D seismic data identified fifteen individual or small groups of mounds (A-O) (Figure 
9). The Andromeda East-1 well, a dry hole, was drilled in 2001 by Noble Corporation in what 
was interpreted as the thickest and structurally shallowest point of the feature (Figures 7, 10).  
Although the Andromeda Mound Complex and the Nir and Mari B fields are similar in 
external appearance, a closer examination indicates distinct differences in their internal and 
external architecture. Therefore, the purpose of this thesis is to examine, in detail, the internal 
architecture of the Andromeda Mound Complex. The primary objectives are to: (1) define 
significant seismic horizons and correlate their regional extent; (2) interpret the internal seismic 
configuration of the Andromeda Mound Complex; (3) correlate underlying structural features 
and evaluate their influence, if any, on younger stratigraphic intervals; and (4) evaluate the many 
possible explanations for the genesis of these unique mounded features. 
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Figure 9. Isochron map of the Yafo Sand Member (YSM). Warm colors are thicks and cool 
colors are thins. The contour interval is 25 msec. The individual mounds of the Andromeda 
Mound Complex are annotated: Group 1 (A-H), Group 2 (I and J), Group 3 (K-O). The 
Andromeda East-1 well is annotated AE-1. Black arrows indicate thrust vergence. The updip 
(southeast) pinch-out of the Messinian Evaporite unit is shown by the pink line. See Figure 8 
for the map location.
AE-1
11
0 100
GR [GAPI]
0.2 200
ILD [OHMM]
17
50
18
00
18
50
19
00
19
50
20
00
20
50
21
00
21
50
m
S
er
ra
va
lli
an
 M
id
dl
e 
M
io
ce
ne
U
pp
er
 M
io
ce
ne
M
es
si
ni
an
Lo
w
er
 
P
lio
ce
ne
Za
nc
le
an
Epoch Age
C
S
C
S
Biostratigraphic
 age dates
11.50 Ma
5.05 Ma
4.20 Ma
4.00 Ma
3.38 Ma
3.58 Ma
4.00 Ma
5.05 Ma
SST
SST
CLYST
CLYST
CLYST
SST
SST
SST
SST
SST
SST
SST
CLYST
CLYST
SST
SST
SST
CONG
CLYST
SST
SST
SST
CLYST
SST
CLYST
CLYST
CLYST
SSTSST
MARL
MARL
MARL
MARL
SWC Paleobathymetry
U B
Indet.
U-M B
 
U B
Andromeda East-1 well
Figure 10. Wireline logs for the Andromeda East-1 Well 
plotted with the corresponding sidewall core data (SWC: 
SST-sandstone, CLYST-claystone, CONG-conglomerate, 
MARL-marl and CS-condensed section), Paleobathymetry 
(UB-upper bathyal, MB-middle bathyal and Indet-
indeterminate), Biostratigraphically calculated age dates and 
Geologic age dates. See Figures 7, 9 for location of well.
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DATA SET 
 The data set utilized for this study consists of primarily 2D and 3D seismic reflection data 
(Figure 11). A total of 12,000 km of 2D seismic data were interpreted from two surveys (Figure 
11). The 2D seismic data were used to help establish regional geologic relationships within the 
study area. The detailed study area consisted of a 3D seismic survey that is 2886 km2 in area 
(Figure 11). The 3D volume is oriented from southeast (37 km wide) to the northwest (78 km 
long) (Figure 11). The bin spacing is 25 m and the vertical sampling rate was 4 msec.  
The data set also contained well logs from the Andromeda East-1 well, which was drilled 
in 2001. The well penetrated the stratigraphic interval of interest within the Andromeda Mound 
Complex (Figures 7, 10). Sidewall core and biostratigraphic data were available from this well. 
An open-file biostratigraphic report, compiled by a contractor, analyzed the well cuttings for 
significant foraminifers and calcareous nannofossils (Figures 10, 12). Although the unpublished 
well report indicates that a formation microscanner log was collected in this well, the data were 
unavailable for this study. Also, no core data were gathered from this well. 
 The wireline log interpretation was done using in the IHS Petra. Seismic interpretation 
was completed in several software packages. Most of the interpretation was done in the SMT 
Kingdom Suite software package. Several iterations of attribute volume generation were 
conducted in both the Petrel Schlumberger and the Terraspark Insight Earth software packages.  
13
100 km
62 mile
2D Seismic
3D Seismic
Well
Figure 13
Figure 11. A map of seismic data collected in the Levant basin during 2000-2001. The 
approximate location of the 3D volume used in this study is outlined in black. (Modified from 
Gardosh et al., 2009)
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REGIONAL SETTING 
Structure 
 
The dominant structural feature in this area of the Levant basin is a series of Syrian Arc 
Folds (Figures 1, 6, 13, 14). Several events have resulted in the formation of these structures. 
The Paleozoic and Early Mesozoic separation of Tauride and Erastosthenes continental block 
from the Gondwana craton marked the onset of rifting in the basin (Figure 13) (Bein and 
Gvirtzman, 1977; Garfunkel and Derin, 1984; Garfunkel, 1998; Robertson, 1998). This rifting 
resulted in a series of horst and graben structures, as well as widespread magmatic activity.  By 
the Middle Jurassic, a passive margin evolved due to the post-rift cooling and subsidence in the 
Levant Basin (Figure 13) (Garfunkel and Derin, 1984; ten Brink 1987; Garfunkel 1998). The 
Late Cretaceous through early Tertiary is marked the onset of the convergence of the Eurasian 
and Afro-Arabian plates (Figures 1, 13) (Robertson, 1998). The resulting compression 
reactivated the Early Mesozoic normal faults that had formed during rifting stage. The structural 
expression of this fault reactivation was the formation of the series of anticlines and synclines of 
the Syrian Arc System (Figures 1, 6, 13, 14) (Krenkel, 1924; Freund et al., 1975; Druckman et 
al., 1995). The growth of these anticlines and synclines continued through the early Miocene 
(Tibor, 1992; Druckman, 1995a), although there is evidence of late uplift during the Pliocene 
locally within the study area.  
Three primary Syrian Arc folds underlie the depositional extent of the Yafo Sand 
Member and the occurrence of the Andromeda Mound Complex within the study area (Figure 
14). The crests of the anticlines are 0.5-1.3 seconds below the Base Yafo/Top Evaporite horizon 
and trend southwest-northeast (Figures 6, 14). The synclines between these fold crests contain 
syn-tectonic Upper Cretaceous and Eocene strata deposited in the bathymetric lows (Figures 6, 
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Figure 14. Time-structure contour map of the Base Oligocene (Top Syrian Arc Fold) horizon. 
The contour interval is 100 msec. Warm colors are highs and cool colors are lows. The 
dashed portions of the fold axes are where the greatest amount of incision has occured. The 
location of the Andromeda East-1 well (AE-1), Messinian Evaporite pinch-out and the 
mounds’ edges are shown in pink and blue, respectively.   
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14). The base Oligocene Unconformity truncates the stratigraphy in these synclines and in the 
crests of the anticlines (Figures 6, 14). The southeastern-most folds had additional growth 
during the Pliocene (Figures 15, 16). This local uplift has had a significant influence on the 
distribution of younger stratigraphic intervals.  
 
Stratigraphy 
Permian through Upper Miocene 
 The Levant Basin was dominated by the deposition of shallow marine carbonate and 
some siliciclastic strata during the Late Permian, Triassic and Early Jurassic (Gardosh et al., 
2008). A paleo-depositional hinge belt separated the shallow marine platform to the east from the 
deep marine basin to the west during the Middle Jurassic (Gvirtzman and Klang, 1972; Bein and 
Gvirtzman, 1977). The Upper Cretaceous to lower Tertiary section is dominantly hemi-pelagic to 
pelagic strata (Sass and Bein, 1982; Almogi-Labin et al., 1993). The hemi-pelagic and pelagic 
strata mark the termination of the shallow-marine carbonate deposition on the Levant margin. 
Tectonic uplift east of the Levant coast is expressed as a regional unconformity in the basin. This 
regional unconformity separates the Eocene from the overlying Oligo-Miocene siliciclastic strata 
(Figures 6, 13) (Picard, 1943; Ball and Ball, 1953). The tectonic uplift, described above, led to 
increased siliciclastic sediment input and transport into the basin, as well as the development of 
submarine canyons due to increased rates of incision (Gvirtzman and Buchbinder, 1978; 
Druckman et al., 1995b). The Oligo-Miocene el-Arish, Ashdod and Afiq submarine canyon 
systems are the primary result of this incision (Figures 16, 17).  
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Figure 16. Time-structure contour map of the Base Evaporite horizon. Warm colors are 
highs and cool colors are lows. The contour inverval is 50 msec. The Andromeda East-1 well 
is annotated as AE-1. Note the U-shape to the updip (southeast) Messinian Evaporite 
pinch-out. The approximate edges of the Afiq and Ashdod submarine canyons are annotated 
as dashed lines. 
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Figure 17. Time-structure contour map of the Base Yafo/Top Evaporite horizon. Warm colors 
are highs and cool colors are lows. The contour interval is 50 msec. Note that the structurally 
lowest locations along the Base Yafo/Top Evaporite horizon (d1 and d2) are just to the 
northwest  of the Andromeda East-1 well (AE-1). Once the Base Yafo/Top Evaporite horizon 
marks the top of the Messinian Evaporites (pink line marks the eastern pinch-out), the 
surface becomes much more irregular. This is the result of dissolution as well as faulting 
associated with evaporite withdrawl. The dashed lines indicate the approximate locations of 
the Oligo-Miocene Afiq and Ashdod submarine canyons. The Messinian Evaporites extend 
further up dip (southeast) in these depositonal lows.
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Messinian Evaporites (Messinian Salinity Crisis) 
 During the latest Miocene, the Mediterranean Sea was characterized by an abrupt 
evaporation called the “Messinian Salinity Crisis” (Hsu et al., 1973a, b, 1978; Gvirtzman and 
Buchbinder, 1978). This event caused the development of a distinct depositional setting within 
the Mediterranean Sea, and specifically in the Levant Basin. Rapid uplift, as much as 5mm/yr-1 
between southern Spain and northern Morocco, began at 7.2 Ma and continued until there was 
little to no connection between the Atlantic Ocean and the Mediterranean Sea (Duggen et al., 
2003). Beginning at 5.96 Ma, the marine connection between the Mediterranean Sea and the 
Atlantic Ocean was blocked. In the Levant basin, the restriction of the Mediterranean Sea 
resulted in a drawdown of approximately 800 m below present sea level (Cartwright and 
Jackson, 2008). During the substantial drawdown, evaporite deposition dominated the Levant 
Basin.  A 1-2 km thick evaporite unit was deposited in the present deep Levant basin; the updip 
expression of the abrupt eustatic lowering is deep incision on the continental margin (Figures 3, 
6, 13, 16) (Ryan, 1978; Tibor et al., 1992).  
 The Messinian Evaporites play an important, integral role in the formation of the lower 
Pliocene Andromeda Mound Complex. As a consequence, the evaporite unit and its updip 
(southeast) pinch-out were correlated in the study area. The base of the Messinian Evaporite unit 
is structurally higher updip to the southeast, and lower downdip to the northwest (Figure 16).  
 The top of the Messinian Evaporite unit maintains a relatively consistent time-depth 
(TWTT) (typically 2.4-2.5 sec) throughout the study area (Figure 17). The seismic horizon that 
is chronostratigraphic equivalent to the Messinian Evaporite unit extends updip (southeast) of the 
Messinian Evaporite pinch-out as an unconformity associated with the drawdown of 
Mediterranean Sea (Base Yafo/Top Evaporite Horizon) (Figures 6, 17). This horizon, located 
24
updip (southeast) of the Messinian Evaporite pinch-out, has significant relief; most notably, the 
two large depressions (d1 and d2) near the evaporite pinch-out and the structural high to the 
southeast associated with the deeper Syrian Arc structure (Figures 17, 18).  
 A unique aspect of the updip Messinian Evaporite pinch-out is its prominent U-shape in 
the study area (Figures 3, 4, 16, 17). Regionally, the updip pinch-out follows the northeast-
southwest trend of the slope in the southeastern Mediterranean Sea (Figure 4). This unusual 
embayment in the study area is interpreted here to be caused by post-depositional dissolution, 
and played an important role in the formation of the Andromeda Mound Complex.  
 Locally, the Messinian Evaporites were likely deposited farther landward in the 
bathymetric lows of the Oligo-Miocene submarine canyons, mainly Afiq and Ashdod (Figures 
16, 17, 19). These canyons were not completely filled with sediments at the beginning of the 
Messinian, which allowed for thicker, localized intervals of evaporite deposits during the 
“Messinian Salinity Crisis” (Hsu et al., 1973a, b, 1978; Gvirtzman and Buchbinder, 1978) 
(Figure 19). The isochron map of this evaporite unit shows in increase in thickness in the 
downdip (northwest) direction (Figure 19). 
During the Messinian Salinity Crisis, the sea floor had a much lower gradient than the 
current dip of the Base Yafo/Top Evaporite horizon (Figure 17). This interpretation is based on 
the changes in sediment thickness and dips of overlying sediments (Figure 17). The stratigraphic 
intervals directly overlying the Base Yafo/Top Evaporite horizon have a consistent thickness 
across what are now structural highs that resulted from the uplift on underlying Syrian Arc 
structures (Figures 6-8, 14, 19). This lack of stratigraphic thinning across the structural highs 
indicates late Syrian Arc growth activity during the early Pliocene.  
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Figure 18. Time-structure contour map of the Base Yafo/Top Evaporite horizon. Warm colors 
are highs and cool colors are lows. The contour interval is 50 msec. Note that the structurally 
lowest locations along the Base Yafo/Top Evaporite horizon (d1 and d2) are just to the 
northwest of the Andromeda East-1 well (AE-1). The Messinian Evaporite pinch-out is 
annotated in pink. See Figure 17 for map location.
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Figure 19. Isochron map of the Messinian Evaporite unit within the study area. Map displays 
the interval between the Base Evaporite and Base Yafo/Top Evaporite horizons. Warm 
colors are thicks and cool colors are thins. The contour inverval is 50 msec. The Messinian 
Evaporties extend further updip (southeast) in the depositional lows of the Oligo-Miocene 
Afiq and Ashdod submarine canyons (approximate edges annotated as black dashed lines). 
The location of the Andromeda East-1 well is annotated AE-1.
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A low gradient seafloor during the Messinian resulted in an initially more extensive unit 
of evaporates than what is present today. There is strong evidence that by the end of the 
Messinian, there was an unknown thickness of evaporites (minimum of 50 m) deposited farther 
updip (southeast) than the current Messinian Evaporite pinch-out (Figure 19). The Yam West-1 
well was drilled on the structural high associated with the southeastern-most Syrian Arc fold 
(Figures 6, 7, 20, 21). Although there is no seismic coverage across this well, the open-file well 
report indicates the presence of an approximate 50 m thick unit of evaporites stratigraphically 
equivalent to the Messinian Evaporites (Figure 3).  
A Root-Mean Squared (RMS) amplitude extraction generated 20 msec above the Base 
Yafo/Top Evaporite horizon displays significant amplitude variations, interpreted to be remnant 
evaporite strata, in the area west of the Yam West-1 well and east of the evaporite pinch-out 
(Figures 17, 20, 21). Some of the variations in the amplitude extraction map are associated with 
the occurrence of individual mounds of the Andromeda Mound Complex, but others do not 
correspond to mound locations (Figures 20, 21). A vertical profile through a change in the 
reflection’s amplitude in the northeastern portion of the study area, displays local, relatively thin 
units of what are interpreted to be evaporites at the base of the Yafo Sand Member (Figures 21, 
22). These interpreted evaporites have an irregular distribution along the base of the Yafo Sand 
Member (Figure 22). Higher amplitude reflections define the tops of these interpreted evaporite 
zones (Figure 22). Also, the thickness of the overlying stratigraphic interval (Yafo Sand 
Member) is maintained across the interpreted evaporite zones (Figure 22). However, there are 
subtle structural variations in the stratigraphic interval overlying the evaporite zones, which 
indicates the presence of an added volume at the Base Yafo/Top Evaporite horizon (Figure 22). 
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Figure 21
Figure 20. RMS Amplitude extraction map 20 msec above the Base Yafo/Top Evaporite 
horizon. Note the amplitude variations in the area updip (southeast) of the Messinian Evapo-
rite pinch-out (pink line). The edge of the Andromeda Mound Complex is outlined in blue and 
the Andromeda East-1 well is annotated AE-1. 
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Figure 21. Shown is an RMS Amplitude extraction 20 msec above the Base Yafo/Top 
Evaporite horizon. Note the amplitude variations and the distinct edges (dashed pink line) 
Figure 22 crosses . White numbers correspond to the same numbers on Figure 22. The 
updip (southeast) Messinian Evaporite pinch-out is to the north (pink line). The Andromeda 
Mound Complex is outlined in blue. See Figure 20 for map location. 
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Recent work near the Straits of Gibraltar indicates that the end of the “Messinian Salinity 
Crisis” (Hsu et al., 1973a, b, 1978; Gvirtzman and Buchbinder, 1978) was caused by an abrupt, 
rapid refilling of the Mediterranean Sea (Castellanos et al., 2009). The identification of a 250 m 
deep U-shaped canyon at the eastern edge of the Straits of Gibraltar is interpreted to be the result 
of rapid incision as the Mediterranean refilled (maximum rate of incision was 0.4 m/day) 
(Castellanos et al., 2009). The modeling indicates relatively low initial rates of flow and then an 
exponential increase and subsequent Mediterranean refilling. At the peak flow rates, sea level in 
the Mediterranean Sea was rising at 10 m/day (Castellanos et al., 2009). Under this model, 90% 
of the Mediterranean Sea refilled in a short period ranging from a few months to two years 
(Castellanos et al., 2009). Thus, the Mediterranean Sea refilled at the end of the Messinian 
Salinity Crisis (5.33 Ma) (Krijgsman et al., 1999), and a major transgression and return to normal 
marine conditions by the beginning of the Pliocene. 
 
Pliocene-Pleistocene 
 Once the Levant Basin returned to normal marine conditions, a 30 m section of hemi-
pelagic clays and marls was deposited during a period of 1 myr (Gardosh et al., 2008) (Figures 
3, 10). The Yafo Sand Member overlies this condensed section (Figures 3, 10). The Andromeda 
East-1 well log indicates shale units at the base and top of the Yafo Sand Member (Figure 10). 
These units are associated with major faunal abundance peaks and extinction datum interpreted 
to be condensed sections (base 5.05 Ma Ceratolithus acutus and top 4.0 Ma Amaurolithus 
tricorniculatus) (Figures 10, 12). When these abundance peaks are tied to the seismic data, they 
correspond to laterally continuous reflections. Thus, the abundance peaks are interpreted to be 
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regional condensed sections. Benthic foraminifera place the deposition of the Yafo Sand 
Member in middle bathyal water depths (Figures 10, 12).  
 A subsequent lowering of sea level initiated the deposition of the informally termed Yafo 
Sand Member (Figure 3, 4, 7, 8, 10, 23) (Drukman, 2001; Oats, 2001; Frey-Martinez et al., 
2007). The Yafo Sand Member is restricted geographically to the extent of the Afiq and el-Arish 
submarine canyons (Figure 4). Marls, siltstones, and sandstones constitute the Yafo Sand 
Member with several thick, very fine to medium-grained, clean, well-sorted, thinly bedded 
turbidite sandstones (Frey-Martinez et al., 2007).  
The Yafo Sand Member has two basic seismic stratigraphic expressions in the study area: 
undeformed (parallel reflections) and deformed (externally mounded). The non-mounded 
portions of the Yafo Sand Member have a seismic stratigraphic character that is sheet-like 
(Figure 23). In some places, distinct compensational stacking is observed (Figure 23). These are 
typical geometries of turbidite sheet deposits (Mutti and Normark, 1991). The Yafo Sand 
Member, mapped within the study area, is located near the downdip, depositional limit of this 
turbidite system (Figure 4). The isochron map of the Yafo Sand Member shows two trends: (a) 
regionally, the sand unit has fairly uniform thickness, and (b) substantially thick, localized in the 
Andromeda Mound Complex (Figures 8, 9).  
The end of the eustatic lowstand was marked by the return to hemi-pelagic deposition in 
much of the basin. Beginning at 4.0 Ma and continuing through the present, sediment generally 
coarsened upward as a result of the prograding slope of the Levant basin (Gardosh et al., 2008). 
Within the remaining Plio-Pleistocene Yafo Formation, several episodes of large-scale mass-
transport deposits are observed (Figures 6, 24) (Frey-Martinez et al., 2005). 
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Figure 23. Seismic profile through an undeformed interval of the Yafo Sand Member 
(YSM): (A) uninterpreted, (B) interpreted. Onlap and truncation arrows are annotated 
in red. Faults are annotated red and offset arrows are black. There is remnant salt at 
the base of some of the YSM (shaded pink). Note the sheet like geometry of the 
YSM. The onlap arrows within the YSM interval annotate reflection lapouts associ-
ated with compensational stacking (Mutti and Normark, 1991). See Figures 7, 8 for 
location of the seismic profile. 
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Figure 24. Seismic profile through a portion of the large MTD in the study area: (A) 
uninterpreted, (B) interpreted. Interpreted faults are annotated in red. Fault offsets 
are annotated by black arrows while onlap and truncation arrows are red. Note the 
distinct thrusting geometries of the MTD as well as the low amplitude chaotic zone in 
the center of the profile. The Messinian Evaporite unit is shaded pink. See Figures 7, 
8 for location of seismic profile. 
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METHODS 
Horizons 
 
To understand the complex formation of the Andromeda Mound Complex, five primary 
horizons were identified and correlated throughout the study area on the 2D and 3D seismic data 
(Figure 11). The horizons correlated were (1) the Base Evaporite, (2) Base Yafo/Top Evaporite, 
(3) Top YSM (Yafo Sand Member), (4) Erosional Unconformity, and (5) Base MTD horizons 
(Figures 3, 6, 7, 16, 17, 24).  
(1) The Base Evaporite horizon is a high amplitude, high continuity seismic trough 
reflection that marks the base of the Messinian Evaporites (Ryan and Cita, 1978). The upper 
Miocene section below consists of moderate amplitude and moderate continuity reflections while 
the Messinian Evaporite unit above consists of low amplitude and low continuity reflections 
(Figures 3, 16, 24).  
(2) The Base Yafo/Top Evaporite horizon was picked on the high amplitude, high 
continuity peak reflection marking the top of the Messinian Evaporite unit (Ryan and Cita, 
1978). Below this horizon are the low amplitude and low continuity reflections of the Messinian 
Evaporite unit and above are the moderate amplitude and moderate continuity reflections of the 
lower Pliocene Yafo Formation (Figures 3, 17, 24). Updip (southeast) of the Messinian 
Evaporite pinch-out, this horizon correlates to the base of the Yafo Sand Member (Figures 6, 
24). At these locations, the Base Yafo/Top Evaporite horizon is commonly a trough reflection 
(Figure 24). The updip (southeast) portion of the Base Yafo/Top Evaporite horizon is the 
Messinian Unconformity that resulted from the draw down of the Mediterranean Sea during the 
“Messinian Salinity Crisis” (Hsu et al.1973a, b, 1978; Gvirtzman and Buchbinder, 1978). The 
same moderate amplitude and moderate continuity reflections of the upper Miocene section are 
37
below this horizon while the high amplitude and high continuity reflections of the Yafo Sand 
Member are above this horizon (Figures 3, 6, 24).  
(3) The Top Yafo Sand Member Horizon is a high amplitude, high continuity reflection 
that is an onlap surface in much of the study area (Figures 3, 6, 7, 23). The high amplitude and 
high continuity seismic reflections of the Yafo Sand Member are below and the moderate 
amplitude and high continuity of the Yafo Formation are above the Top Yafo Sand Member 
horizon (Figures 3, 6, 7, 23).  
(4) A prominent erosional surface, which is a peak reflection, is called Erosional 
Unconformity and is commonly a truncation surface with significant onlap (Figures 6, 24). This 
horizon is bound by the moderate amplitude and high continuity reflections of the Yafo 
Formation both above and below (Figure 3, 24). This horizon also truncates the crests of several 
of the mounds of the Andromeda Mound Complex. At these locations the deformed Yafo Sand 
Member underlies this horizon (Figure 6).  
(5) The base of a prominent mass-transport deposit (MTD) is a reflection (labeled Base 
MTD) along which there are moderate amplitude and high continuity reflections of the Yafo 
formation below (Figure 3, 24). Due to the erosional nature of MTDs, this horizon is a very 
irregular surface throughout the study area that commonly truncates underlying sediments 
(Figure 3, 24). The interval above the Base MTD is composed of the low amplitude, chaotic 
reflections of the overlying MTD deposit (Figure 3, 24).  
 
Calculated interval velocity 
 A synthetic seismogram was generated using a wavelet extracted from the 3D seismic 
volume and the sonic and density logs from the Andromeda East-1 well log suite (Figure 25). 
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Figure 25. Wireline logs for the Andromeda East-1 Well plotted with the corresponding 
sidewall core data (SWC: SST - sandstone, CLYST - claystone, CONG - conglomerate and 
MARL - marl). Also shown is the synthetic seismogram generated from the Andromeda 
East-1 well with the corresponding depth in meters and two way travel time (TTWT). See 
Figure 7 for well location. 
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The time-depth relationship through Mound J allowed for the calculation of an interval velocity 
of the Yafo Sand Member within the study area.  An interval velocity of 2279 m/sec was used 
with the measured TWTT (two-way travel time) to generate thickness calculations of the Yafo 
Sand Member.  
 
Seismic Attributes 
Because of the complex internal character of the Andromeda Mound Complex, several 
seismic attributes were used to enhance both structural and stratigraphic relationships. Most of 
these attributes were generated using the Petrel Schlumberger and the Terraspark Insight Earth 
software packages. The attributes that yielded the best results were generated mostly in the 
Petrel software package. Initially, the Terraspark Insight Earth software package allowed for the 
flattening of the entire 3D seismic volume on the Base Yafo/Top Evaporite Horizon. Next, in 
Petrel Schlumberger, a structural smooth attribute was generated to eliminate some of the 
artifacts from the internal chaotic reflections of the mounds. Then, an edge stack attribute was 
generated to enhance reflection discontinuities. Finally, utilizing the Anttrack© attribute in 
Petrel, a fault-enhanced volume was created. The combination of displaying the flattened 
vertical seismic profiles with the Anttrack© volume in the horizontal orientation allowed for the 
interpretation of a series of small thrust faults and box folds (Figures 26, 27). RMS amplitude 
extraction maps were generated for various horizons, which have also aided in enhancing some 
of the stratigraphically significant features such as remnant evaporite intervals and channel 
systems.  
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Figure 26. Isochron map of the Yafo Sand Member. Warm colors are thicks and cool colors 
are thins. The contour interval is 25 msec. The individual mounds of the Andromeda Mound 
Complex are annotated: Group 1 (A-H), Group 2 (I and J), Group 3 (K-O).The updip 
(southeast) Messinian Evaporite pinch-out is annotated pink. Andromeda East-1 well is 
annotated AE-1. Each black box corresponds to the location of the 3D window (F. # - Figure 
#). See Figure 8 for map location.
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Figure 27. A series of three vertical profiles, flattened on the Base Yafo/Top Evaporite 
horizon, progressing from the NNE (A) towards the SSW (B and C). A horizontal profile 
of the Anttrack© volume is displayed with interpreted faults. The interpreted faults 
show a preferential orientation along strike in the NE to SW direction. Dashed lines in 
(A) are locations of vertical profiles in (B) and (C). The arrow points north. See Figure 
26 for 3D window location.  
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Interpretation 
 The primary method utilized to interpret the Andromeda Mound Complex consisted of 
the use of arbitrary vertical profiles in combination with the horizontal Anttrack© fault enhanced 
volume. Each mound was examined closely with a series of 10-15 arbitrary vertical profiles, 
oriented every few degrees, radiating out from the center of the mound. This method was 
necessary because determining the primary thrust vergence direction within the mounds was one 
of the principal interpretation challenges. Thrust vergence is not consistent in the various 
mounds. Also, the thrust vergence direction is not dependent on the regional dip of the Base 
Yafo/Top Evaporite horizon (Figures 9, 17). Maximum fault offset was calculated by 
determining the difference between the structurally highest point of the mound and the nearby 
undeformed top Yafo Sand Member horizon. 
 In addition to the variable thrust vergence direction, a series of other characteristics 
within the data set contributed to further challenges. All of the mounds associated with the 
Andromeda Mound Complex are relatively thin features (212 m to 502 m thick) (Figure 9). The 
sample interval of the seismic data (4 msec) often only allows for the imaging of a few 
reflections within the smaller mounds. The low number of internal reflections creates a scenario 
in which observing evidence of offset in reflections for a complicated fault pattern is quite 
taxing. Another challenge was the offset and continuity of the individual faults. The length of 
individual faults within the mounds are commonly quite short and with a bin spacing for the 3D 
seismic volume of 25 m, faults that are identified end or shift abruptly as one navigates through 
the 3D volume. Thus, most of the faults interpreted are likely to be parts of fault zones. 
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GEOLOGIC DESCRIPTION 
Introduction 
 The Andromeda Mound Complex is a unique geologic deepwater feature, which has no 
known analogous system. Thus, interpreting the origin of Andromeda Mound Complex is quite 
challenging, and divided into two parts. First, each of the mounds is described systematically 
below. Then, the confluence of several additional associated regional geologic features and 
processes, which were critical to the formation of the Andromeda Mound Complex, are reviewed 
so that the origin of the mounding can be evaluated. These associated geologic features and 
processes are the pre-existing depressions (d1 and d2) in the area and the role of the evaporite 
dissolution.    
 
 
Definition of Mounds 
 
The Yafo Sand Member is a regional deepwater system whose average undeformed 
thickness is 131 m. In a 2886 km2 study area, fifteen mounds have been identified that can be 
separated into three distinct groups, based on both the internal and external seismic facies of the 
individual mounds (Figure 9) (Table 1). Group 1 mounds (A-H) are structurally the simplest 
and most easily interpreted (Figures 9, 28) (Table 1). The mounds of Group 2 (I and J) are 
larger and more structurally complex than those in Group 1 (Figures 9, 28) (Table 1). They 
contain faults with greater offset and also have an element of growth-related sedimentation. 
Group 3 mounds (K-O) are the most difficult to interpret. The internal structure and stratigraphy 
of the mounds in this group have extremely variable amplitudes but discontinuous seismic 
reflections. No definitive internal structural or stratigraphic interpretation was possible for the 
Group 3 mounds (Figures 9, 28) (Table 1).  
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Figure 28. Isochron map of the Yafo Sand Member. Warm colors are thicks and cool colors 
are thins. The contour interval is 25 msec. The individual mounds of the Andromeda Mound 
Complex are annotated: Group 1 (A-H), Group 2 (I and J), Group 3 (K-O). The Andromeda 
East-1 well is annotated AE-1. The updip (southeast) Messinian Evaporite pinch-out is 
annotated pink. Each black line is the location of a vertical profile and the corresponding 
figure number (F. #). See Figure 8 for map location.
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The lowermost portion of the Yafo Sand Member is a hemi-pelagic clay and marl zone 
approximately 30 m thick (Figures 3, 10). This represents a condensed section deposited during 
the marine transgression at the start of the Pliocene (Gardosh et al., 2008). The basal marl zone 
correlates to the Base Yafo/Top Evaporite horizon within the seismic volume (Figure 25). The 
thrust faults that are responsible for the observed Yafo Sand Member thickening have propagated 
along this basal detachment surface (Base Yafo/Top Evaporite horizon) (Figures 17, 25). The 
regional dip of the Base Yafo/Top Evaporite horizon is in a generally southeast-northwest 
direction (Figure 17). Few faults that compose the mounds of the Andromeda Mound Complex 
verge in a direction consistent with the regional dip of this basal detachment surface (Figures 9, 
17). 
The top of the deformed intervals of the Yafo Sand Member correlate to the top of the 
undeformed portions of the Yafo Sand Member (Figure 6). The upper surface of the Andromeda 
Mound Complex is also a distinct onlap surface, indicating the mounds had prominent 
bathymetric expression at the time of their formation (Figure 29).  
 
Group 1 Mounds 
Group 1 is composed of mounds A-H, which have the simplest structural geometries 
(Figures 9, 28) (Table 1). Group 1 mounds are smaller than the mounds in Groups 2 and 3 in 
both thickness and areal extent (Figure 9, 28) (Table 1). Group 1 mounds are commonly 
composed of several thrust faults or box folds; usually no more than twice the thickness of the 
adjacent undeformed Yafo Sand Member. The internal reflections have high amplitude with 
moderate continuity (Figure 30). The cores of most of these mounds often have more chaotic, 
lower amplitude reflections, likely indicative of the heavily faulted and fractured zone 
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Figure 30. Seismic profile through Mound E: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap and truncation arrows are red. See Figure 28 for location of 
vertical profile. 
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accommodating the most throw on the faults (Figure 30). Evidence of fluid contacts (gas/water) 
is present within Mounds A-D and G (Table 1). The seismic flat spots and bright spots within 
these mounds are interpreted as small gas accumulations in the structurally highest portions 
(Table 1). Mound F is more structurally complex than the other Group 1 mounds, but is 
structurally simple enough to remain classified as Group 1.  
 
Mound A 
Mound A covers an area of 0.65 km2 and is located 3.8 km east of the Messinian 
Evaporite pinch-out (Figures 9, 28) (Table 1). Mound A primarily consists of a single, large box 
fold with smaller thrust faults that have little offset (Figures 27, 31-33) (Table 1). The vergence 
direction of the main thrust fault is towards the east-southeast, and the fault strikes west-
southwest to east-northeast (Figures 9, 27, 28, 31-33). The maximum offset of the main thrust 
fault is approximately 125 msec or 142 m. The thickest portion of Mound A is 273 m, 
representing 2.08 times the thickness of the undeformed Yafo Sand Member (Figures 9, 28, 32) 
(Table 1). The thickness of this mound in relation to its area corresponds to steeply dipping 
flanks.  The maximum dip of the flanks of Mound A is 27 degrees (Figure 32) (Table 1). 
 The faults sole at the Base Yafo/Top Evaporite Horizon at this location dips 1.17 degrees 
to the west-northwest (Figures 17, 32) (Table 1). The dip of the Base Yafo/Top Evaporite 
Horizon does not control the main vergence direction of the structures that compose Mound A 
(Figures 9, 17). Another interesting characteristic of this mound is the presence of a prominent 
seismic flat spot, which is interpreted as a fluid contact (gas/water) (Figure 32) (Table 1). The 
presence of gas in the structurally highest portion of Mound A also results in a polarity inversion 
of the Top Yafo Sand Member reflection (Figure 32).  
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Figure 31. Seismic profile through Mound A: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap and truncation arrows are red. Note the polarity inversion along 
the Top YSM reflection where gas is present. See Figure 28 for seismic profile 
location.
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Figure 32. Seismic profile through Mounds A and B: (A) uninterpreted, (B) inter-
preted. Interpreted faults are annotated in red. Thrust fault vergence is annotated by 
black arrows while onlap, downlap and truncation arrows are red. Note the prominent 
seismic flat spots and polarity inversion along the Top YSM reflection in both mounds 
where gas is present. See Figure 28 for seismic profile location. 
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preted. Interpreted faults are annotated in red. Thrust fault vergence is annotated by 
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See Figure 28 for seismic profile location. 
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 Mound B 
 Mound B is 0.793 km2 in area and is located directly northwest of Mound A (Figures 9, 
28) (Table 1). At this location, it is 3.25 km east of the edge of the Messinian Evaporites (Figure 
9) (Table 1). This mound is composed of several imbricated thrust sheets (Figures 9, 27, 32, 
33). The main thrust faults verge to the east-southeast and strike from north-northeast to south-
southwest (Figures 9, 27, 32) (Table 1). These faults verge against the dip of the Base Yafo/Top 
Evaporite Horizon. The Base Yafo/Top Evaporite Horizon maintains a dip of 1.17 degrees to the 
west-northwest (Figures 9, 17, 32) (Table 1). The maximum offset of these faults is 89 msec or 
101.5 m. Mound B, at its thickest point, is 232.5 m thick and this represents a 1.8 time increase 
in thickness of the undeformed Yafo Sand Member (Figures 9, 28, 32) (Table 1).  
 Mound B has the presence of prominent seismic flat spot (Figure 32). Above this seismic 
flat spot, the polarity of the Top Yafo Sand Member reflection is inverted (Figure 32). These 
characteristics lead to an interpretation of the seismic flat spot as a fluid contact (likely 
gas/water) (Figure 32).  
The sediments, which directly overlie Mounds A and B, onlap the flanks of these mounds 
(Figure 32). Some of these sediments also downlap onto the Top Yafo Sand Member horizon 
approximately 1 km away from the flanks of the mounds (Figure 32). The steep dip of the flank 
of this mound (25 degrees) in combination with the onlapping and downlapping overlying 
sediments is evidence of a later rotation of these intervals (Figure 32).  
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 Mound C 
 Mound C is located 1.6 km northwest of B, and is 1.68 km east of the Messinian 
Evaporite pinch-out (Figures 9, 28) (Table 1). Although Mound C is close to Mound B, there 
are differences between the two. Mound C is 0.248 km2 in area, considerably smaller than both 
Mounds A and B (Figures 9, 28) (Table 1).  In contrast to Mounds A and B, the thrust vergence 
direction is primarily to the west-northwest (Figures 27, 34) (Table 1). The two main thrust 
faults, which constitute the core of Mound C, strike from the northeast to the southwest (Figures 
9, 27, 28, 34). There is a maximum fault offset of 80 msec or 91 m (Figures 9, 34) (Table 1). 
The Yafo Sand Member is 1.7 times thicker (222 m) than the undeformed Yafo Sand Member at 
the location of Mound C (Figures 9, 34) (Table 1). The thrust vergence direction is only slightly 
oblique to the regional dip of the Base Yafo/Top Evaporite Horizon (Figures 9, 17). At the 
position of Mound C, the Base Yafo/Top Evaporite Horizon has a dip of 4.27 degrees to the 
west-northwest (Figures 17, 34) (Table 1). 
 Mound C, like Mounds A and B, has the presence of a seismic flat spot and 
corresponding polarity inversion of the Top Yafo Sand Member reflection (Figures 27, 34). This 
is interpreted as a fluid contact (gas/water) present in the mound.  
The flanks of Mound C have a maximum dip of 17 degrees (Figure 34) (Table 1). The 
onlap of sediments onto the reflection above the Erosional Unconformity horizon (annotated as 
the iso-thick) is evidence of later rotation (Figure 34). This onlap configuration indicates a 
localized, downdip shift in the area of maximum accommodation associated with later evaporite 
removal (Figure 34). This indicates the current dip of the Base Yafo/Top Evaporite Horizon has 
changed since the time of the Mound C formation.  
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Figure 34. Seismic profile through Mound C: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap and truncation arrows are red. Note the seismic flat spot and 
polarity inversion along the Top YSM reflection where gas is present. Also note the 
stratigraphically younger iso-thick annotated. The Messinian Evaporite interval is 
shaded pink. See Figure 28 for seismic profile location.
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 Mound D 
 Mound D comprises a series of eight individual bathymetric highs within the overall 
mound (Figures 9, 28, 35, 36).  This mound covers an area of 2.2 km2 and is located 0.8 km 
south of Mound A (Figures 9, 28) (Table 1). The mound is approximately 3.8 km to the 
southeast of the Messinian Evaporite pinch-out (Figures 9, 28) (Table 1). The bathymetric highs 
that compose Mound D are produced by either single thrust faults or small box folds (Figures 
35, 36). The main thrust faults verge in an east-southeast direction and strike from north-
northeast to south-southwest (Figures 9, 28, 35, 36) (Table 1). These orientations are similar to 
Mounds A and B, which are located in close proximity to Mound D (Figures 9, 28). The faults 
responsible for the Yafo Sand Member thickening in Mound D have a relatively small amount of 
offset. The maximum offset for this mound is 71 msec or 81 m (Figure 35) (Table 1). This 
maximum offset represents a 1.6 time increase in the thickness of the Yafo Sand Member to a 
gross thickness of 212 m (Figures 9, 28, 35) (Table 1). There is evidence of a small gas 
accumulation in the structurally highest point of Mound D (Figure 36A). The small seismic flat 
spot and polarity inversion is interpreted as a fluid contact (gas/water) (Figure 36A). 
At the location of Mound D, the Base Yafo/Top Evaporite horizon dips 0.91 degrees to 
the west-northwest (Figures 17, 35) (Table 1). The dip of this detachment surface is opposite to 
the primary thrust vergence direction (Figures 11, 35). The maximum dip of the flanks of 
Mound D is 22 degrees (Figure 35) (Table 1). As described for Mounds A-C, this high dip angle 
is likely due to later rotation of the deformed Yafo Sand Member.  
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Figure 35. Seismic profile through Mound D: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap, downlap and truncation arrows are red. See Figure 28 for 
seismic profile location. 
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Figure 36. A series of four vertical profiles flattened on the Base Yafo/Top Evaporite 
horizon progressing from the NE (A) towards the SW (D) through Mound D. A horizon-
tal profile of the Anttrack© volume is displayed with interpreted faults. Most of the 
faults are oriented in a NE to SW direction along strike and dipping in both the WNW 
and ESE directions. This indicates vergence directions from both the WNW and ESE. 
Dashed lines (A) indicate the location of the vertical profiles in B, C and D. The arrow 
points north. See Figure 26 for location of 3D window. 
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 Mound E 
Mound E is located directly north (1 km) of the Main Andromeda Mound Complex 
(Figures 9, 28). This mound is 3.8 km2 in area and is approximately 1.1 km south of the nearest 
Messinian Evaporite pinch-out (Figures 9, 28) (Table 1). Mound E is composed of either 
southeast verging thrust faults or box folds (Figures 30, 37-39). These thrust faults strike 
northeast-southwest. The maximum fault offset within this mound is 92 msec or 105 m (Figures 
30, 37, 38) (Table 1). The thickest portion of Mound E is 236 m or 1.8 times thicker than the 
undeformed Yafo Sand Member (Figures 9, 28, 30, 37, 38). The major thrust faults verge 
opposite to the current dip of the Base Yafo/Top Evaporite horizon, which, at this location, is 
1.84 degrees to the west-northwest (Figures 17, 30, 37-39) (Table 1). This mound has maximum 
dipping flanks of 32 degrees (Figures 30, 37-39) (Table 1). 
Mound E shows the best evidence of lateral shortening of the Yafo Sand Member 
associated with the formation of these mounds. The undeformed Yafo Sand Member on the 
northwest side of Mound E has a time thickness of 77 msec; whereas on the southeast side of the 
mound has a time thickness of 103 msec. (Figure 37). The interval on the northwest side of 
Mound E is 25% thinner than the same interval on the southeast side of Mound E (Figure 37). 
This thinning occurs across a distance of 4 km. When examining the thinning of an undeformed 
interval of Yafo Sand Member away from any mounds, the Yafo Sand Member thins only 6% 
over a southeast-northwest trending 4 km distance. The more abrupt thinning of the Yafo Sand 
Member near Mound E indicates that there has been lateral shortening of this interval. 
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Figure 37. Seismic profile through Mound E: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap and truncation arrows are red. Note the primary thrust vergence 
direction opposite to the dip of the Base Yafo/Top Evaporite horizon. See Figure 28 
for seismic profile location.
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Figure 38. Seismic profile through Mound E: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap, downlap and truncation arrows are red. See Figure 28 for 
seismic profile location.
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Figure 39. A series of six vertical profiles, flattened on the Base Yafo/Top Evaporite 
horizon, progressing from NE (A) towards the SW (F) through Mound E. A horizontal 
profile of the Anttrack© volume is displayed with interpreted faults. Most of the faults 
are oriented in a NNE to SSW direction along strike and dipping in both the WNW and 
ESE directions. Dashed lines (A) indcate the locations of the vertical profiles in B-F. 
The arrow points north. See Figure 26 for location of 3D window. 
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 Mound F 
 Mound F is southeast of the Andromeda East-1 well (Figures 9, 28). It is 2.825 km2 in 
area and is located 1.55 km northeast of the present day Messinian Evaporite pinch-out (Figures 
9, 28) (Table 1). The faults within this mound verge primarily to the south-southeast, although 
Mound F has a slightly more complex internal structure than Mounds A-E (Figures 40-43) 
(Table 1). This mound is composed of both northeast-southwest striking thrust faults and box 
folds (Figures 9, 28, 40-43).  
The faults in this mound have a greater total offset than in the previously described 
Mounds A-E. The maximum offset for Mound F is 110 msec or 125.5 m (Figures 9, 28, 41) 
(Table 1). Mound F has a maximum thickness of 256.5 m or approximately 2 times thicker than 
the undeformed Yafo Sand Member (Figures 9, 28, 41) (Table 1). The maximum dip angle of 
the flanks of Mound F is 30 degrees (Figure 41) (Table 1). 
The Base Yafo/Top Evaporite horizon dips 1.14 degrees to the south at this location 
(Figure 17) (Table 1). A portion of the faults that make up the core of this mound do verge in 
accordance with or slightly oblique to the dip of the Base Yafo/Top Evaporite horizon (Figure 9, 
28, 40-43). 
 
Mound G 
Mound G is 1.6 km southeast of Mound F, and is composed of three bathymetric highs in 
close proximity to one another (Figures 9, 28). This mound covers 1.434 km2 in area and is 
located approximately 0.64 km northeast of the present day Messinian Evaporite pinch-out 
(Figures 9, 28) (Table 1).  Most of the faults that make up Mound G are west and west-
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Figure 40. Seismic profile through Mound F: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap and truncation arrows are red. See Figure 28 for seismic profile 
location.
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Figure 41. Seismic profile through Mound F: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap and truncation arrows are red. See Figure 28 for seismic profile 
location.
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Figure 42. Seismic profile through Mound F: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap and truncation arrows are red. “?” indicates an area with an 
unknown fault orientation. See Figure 28 for seismic profile location.
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Figure 43. A series of five vertical profiles, flattened on the Base Yafo/Top Evaporite 
horizon, progressing from WNW (A) towards the ESE (E) through Mound F. A horizon-
tal profile of the Anttrack© volume is displayed with interpreted faults. Most of the 
faults are oriented in a general E to W direction along strike and dipping in both the N 
and S directions. Dashed lines (A) indcate the locations of the vertical profiles in B-E. 
The arrow points north. See Figure 26 for location of 3D window. 
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northwest verging (Figures 44-47) (Table 1). The eastern bathymetric high of Mound G is a box 
fold (Figures 46). All of the thrust faults within this mound strike generally northeast-southwest 
(Figures 9, 28, 44-47). The maximum fault offset observed in the three bathymetric highs 
composing Mound G is 75 msec or 85.4 m (Figure 46) (Table 1). The gross thickness of 216.4 
m represents only 1.7 times the thickness of the undeformed Yafo Sand Member (Figures 9, 28, 
46) (Table 1). Similar to Mounds A-D, There are several small seismic amplitude anomalies in 
the crests of these bathymetric highs (Figures 45-47). These are interpreted as small gas 
accumulations.  
Three aspects of this mound differ from Mounds A-F. First, several small normal faults 
are updip to the south-southeast of Mound G (Figures 44-46). This is some minor evidence of 
downdip movement of the Yafo Sand Member along the basal detachment surface (Base 
Yafo/Top Evaporite horizon) (Figures 17, 44-46). Second, the dip of the Base Yafo/Top 
Evaporite horizon at this location is 6.95 degrees to the northwest, considerably higher than the 
other mounds (Figure 17) (Table 1). Third, the maximum dip angle of the flanks of Mound G is 
much higher (64 degrees) (Figure 44) (Table 1). All three of these observations are explained by 
early Pliocene Syrian Arc Uplift. The late uplift of the underlying, southeastern Syrian Arc Fold 
rotated Mound G and increased the degree of the measured dip angles. The increased dip also 
resulted in updip extension expressed as the small normal faults. These faults developed post 
Mound G formation as evidenced by the sediments overlying these normal faults (Figures 44-
46). These sediments are deformed into the space created by the normal faults’ offset (Figures 
44-46). 
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Figure 44. Seismic profile through Mound G: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap and truncation arrows are red. Note the small normal faults on 
the east (right) side of the profile. See Figure 28 for seismic profile location .
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Figure 45. Seismic profile through Mound G: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Thrust fault vergence is annotated by black 
arrows while onlap and truncation arrows are red. Note the polarity inversion of the 
Top YSM reflection associated with small gas accumulations in the western (left) two 
mounds. Also note the sublte normal fault on the east (right) side of the profile. See 
Figure 28 for seismic profile location.
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Figure 46. Seismic profile through Mound G: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Fault offset is annotated by black arrows 
while onlap and truncation arrows are red. Note the polarity inversion of the Top 
YSM reflection associated with small gas accumulations in both mounded portions of 
this profile. Also note the normal faults on the east (right) side of the profile. See 
Figure 28 for seismic profile location.
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Figure 47. A series of five vertical profiles, flattened on the Base Yafo/Top Evaporite 
horizon, progressing from NNE (A) towards the SSW (E) through Mound G. A horizon-
tal profile of the Anttrack© volume is displayed with interpreted faults. Most of the 
faults are oriented in a general N to S direction along strike and dipping in both the E 
and W directions. Dashed lines (A) indcate the locations of the vertical profiles in B-E. 
The arrow points north. See Figure 26 for location of 3D window. 
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Mound H 
 Mound H is located directly north of and adjacent to the Messinian Evaporite pinch-out 
(Figures 9, 28) (Table 1). This mound consists of a single primary thrust fault that verges 
towards the northwest and strikes from northeast-southwest (Figures 9, 28, 48, 49) (Table 1). 
Mound H covers an area of 1.6 km2 and has a maximum vertical thickness of 209 msec or 238.4 
m (Figures 9, 28, 48, 49) (Table 1). The maximum fault offset is 24 msec or 27.4 m within the 
mound (Figures 9, 28, 48) (Table 1). The vergence of the primary thrust fault in Mound H is 
opposite the dip of the detachment surface (Base Yafo/Top Evaporite horizon) (Figure 48) 
(Table 1). Similar to Mound G, The Base Yafo/Top Evaporite Horizon has a higher dip (9.9 
degrees to the south) at this location (Figures 9, 17, 28) (Table 1). This relationship is indicative 
of possible later rotation of Mound H related to Pliocene uplift of the underlying Syrian Arc. Due 
to the rotated sediments, the gross thickness is much higher than the interpreted fault offset 
(Figure 48) (Table 1). The Yafo Sand Member at the location of Mound H only represents a 
21% increase in thickness and the maximum dip angle of the flanks is 16 degrees (Figures 48, 
49) (Table 1).  
 
Group 2 Mounds 
Group 2 includes Mounds I and J, whose structural geometries are more complex than the 
Group 1 mounds (Figures 9, 28). Mounds I and J formed from multiple growth events that 
contribute to the overall larger scale of this group. They are more areally extensive and thicker 
than the Group 1 mounds (Figures 9, 28) (Table 1). The mounds in this group have a maximum 
thickness increase of approximately 3.8 times (502 m) the undeformed Yafo Sand Member 
(Figures 9, 23, 28).  
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Figure 48. Seismic profile through Mound H: (A) uninterpreted, (B) interpreted. 
Interpreted faults are annotated in red. Fault offset is annotated by black arrows 
while onlap and truncation arrows are red. Messinian Evaporite unit is shaded pink. 
The Erosional Unconformity does not extend this far updip (southeast). See Figure 
28 for seismic profile location.
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Figure 49. A vertical profile through Mound H flattened on the Base Yafo/Top Evapo-
rite horizon. A horizontal profile of the Anttrack© volume is displayed with the main 
interpreted fault. The fault is oriented in a NE to SW direction along strike and dipping 
towards the SSE. The arrow points north. See Figure 26 for location of 3D window. 
85
Two distinct seismic facies are present within these mounds; thrusted sediments and 
sediments redeposited in association with growing thrusts. The first facies has a low amplitude 
and moderate continuity (Figure 29), caused by the deformed sediments associated with thrust 
faults. The faulted sediments of this group are often stacked resulting in the substantial 
thickening of the Yafo Sand Member (Figure 29) (Table 1). The second seismic facies (i.e. 
growth-related sediments) consists of moderate to high amplitude reflections with moderate 
continuity (Figure 29). These packages are interpreted to be the result of redeposition of 
sediment eroded from the bathymetric highs created from the growing thrust faults. During the 
growth of the thrust faults, small depressions developed between the structurally thickened 
sections of the Yafo Sand Member. Abrupt changes in the thickness of the growth-related 
sediments are diagnostic of syn-depositional deformation. These bathymetric lows provided 
accommodation for eroded sediments derived from the propagating thrust sheets (Figures 29, 
50). These sediments are more gently dipping than the thrusted sediments. There is also distinct 
shifting of the iso-thicks within these zones (Figure 29). 
 
Mound I 
Mound I has the largest area (10.54 km2) of any of the fifteen mounds within the study 
area (Figures 9, 28) (Table 1). It is located approximately 2.1 km southeast of the nearest 
Messinian Evaporite pinch-out (Figures 9, 28) (Table 1). Mound I is 5 km in length with an 
elongated northwest-southeast trend (Figures 9, 28). The trend of this mound mimics the strike 
orientation of the thrust faults (Figures 9, 28). Of the 5-7 main faults that make up Mound I, the 
primary thrust vergence direction is towards the southwest (Figures 51-54) (Table 1). The Base 
Yafo/Top Evaporite horizon dips 1.26 degrees to the southwest, which is consistent with the 
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Figure 50. Isochron map of the Yafo Sand Member (Group 2 mounds). Warm colors 
are thicks and cool colors are thins. The contour inverval is 25 msec. Mounds I and J 
(Group 2) are composed of thrust faults and growth-related sediments. Shaded areas 
are the approximate zones where more than 50% of the mound thickness is composed 
of growth-related sediments. Non-shaded areas are primarily composed of thrust faults. 
Black arrows indicate primary thrust vergence direction.
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Figure 54. A series of four vertical profiles, flattened on the Base Yafo/Top Evaporite 
horizon, progressing from NW (A) towards the SE (D) through Mound I. A horizontal 
profile of the Anttrack© volume is displayed with interpreted faults. Most of the faults 
are oriented in a general NW to SE direction along strike and dipping primarily to the 
NE. Dashed lines (A) indcate the locations of the vertical profiles in B-E. The arrow 
points north. See Figure 26 for location of 3D window. 
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primary thrust vergence direction (Figures 17, 52) (Table 1). The faults with the largest offset 
are located on the northeastern flank of the mound (Figure 51-54). The northeastern flank of 
Mound I also has a maximum dip of 32 degrees (Figure 51-54) (Table 1). 
Most of the mound consists of low amplitude reflections (Figure 51-54). The only 
portions of the vertical profile that maintain a moderate reflection amplitude and continuity are 
the small lows located between the thrust faults (Figures 51-53). These gently dipping 
reflections are interpreted to be sediments deposited in bathymetric lows that were created by 
propagating thrust faults (Figures 51-53). Towards the southeast along strike, the percentage of 
the mound composed of the flat lying growth-related sediment increases (Figures 50-54).  
The mound increases in thickness from northwest to southeast (Figures 51-54). This 
change also corresponds to an increase in the dip of the individual thrust faults (Figures 51-54). 
The southeastern portion of Mound I is the thickest (457 m) (Figures 9, 28, 53) (Table 1). The 
top of the mound has been eroded by the Erosional Unconformity (annotated in green in Figure 
53). The volume of material reworked by the Erosional Unconformity is unknown so the 
maximum fault offset is a minimum of 290 msec or 326 m (Figure 53) (Table 1). This thickness 
of Mound I represents a 3.5 time increase of the undeformed Yafo Sand Member (Figures 9, 28, 
53).  
 
Mound J 
 Mound J is the thickest mound (502 m) within the study area and covers an area of 7.45 
km2 (Figures 9, 28) (Table 1). This mound is located 0.44 km north-northeast of the Messinian 
Evaporite pinch-out (Figures 9, 28) (Table 1). Mound J has a similar architecture to Mound I. 
Mound J is a linear feature that trends 3.5 km west-southwest to east-northeast (Figures 9, 28). 
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The major thrust faults also strike in the same west-southwest to east-northeast orientation 
(Figures 29, 55, 56).  
The Andromeda East-1 well, drilled into Mound J, penetrated sands that correspond to 
low amplitude reflections with poor continuity (Figures 25, 29). These inclined reflections are 
interpreted to be associated with two main thrust faults and several smaller faults. Where the 
faults in Figure 29 intersect the Andromeda East-1 well, there are intervals of claystone 
identified in the wireline log and sidewall core data (Figures 10, 25). Possibly, the claystones 
correspond to the thrust faults or detachment surfaces.  The largest thrust faults are on the 
southeastern flank of Mound J and verge towards the northwest (Figures 9, 29, 55, 56) (Table 
1). The maximum dip (41 degrees) also occurs on the southeastern flank of Mound J (Figures 9, 
29, 55, 56) (Table 1). At this location, the Base Yafo/Top Evaporite horizon dips 3 degrees to 
the west; clearly the thrust vergence direction is not dependant on the regional dip (Figures 9, 
17, 28) (Table 1).  
The north-northwest portion of Mound J is composed of relatively gently dipping 
moderate amplitude and moderate continuity reflections interpreted as growth-related sediments 
(Figures 29, 50, 55). The iso-thicks within these growth-related sediments shift through time as 
the zones of accommodation within the mini-basin shifted. These growth-related sediments onlap 
the thrust faults as well as the flank of Mound I on the north-northwest (left) side of the profiles 
(Figures 29, 55). On the south-southeast (right) side of the profiles, the growth-related sediments 
thicken towards the larger thrust faults that make up the thickest section of the mound (Figures 
9, 28, 29, 56).  
Similar to Mound I, the Erosional Unconformity has removed an unknown volume of 
material from the top of Mound J (Figure 29). Thus, the maximum fault offset within Mound J is 
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Figure 56. A series of four vertical profiles, flattened on the Base Yafo/Top Evaporite 
horizon, progressing from NE (A) towards the SW (D) through Mound J. A horizontal 
profile of the Anttrack© volume is displayed with interpreted faults. Most of the faults 
are oriented in a general NE to SW direction along strike and dipping primarily to the 
SE. Dashed lines (A) indcate the locations of the vertical profiles in B-D. The arrow 
points north. See Figure 26 for location of 3D window. 
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a minimum of 326 msec or 371 m (Table 1). This is a 3.8 time increase in the thickness of the 
undeformed Yafo Sand Member (Figures 9, 28, 29). 
In contrast to the other mounds, Mound J shows clear thrust fault propagation from 
multiple directions (Figures 29, 55-57). An oblique profile through Mound J shows that there are 
two directions (east-southeast and west-southwest) of thrust vergence (Figure 57). Also, the 
reflectivity for much of this profile is low. It is unknown what is contained in the area shaded 
blue, but it is likely that some portion of this interval is growth-related sediment (Figure 57).  
 The edges of Mounds I and J intersect in the area 2 km southeast of the Andromeda East-
1 well (Figures 9, 28). A profile oriented northeast to southwest across this intersection shows 
thrust faults propagating towards each other (Figures 28, 58). The four main faults on the 
northeast (left) side of the profile are genetically related to those of Mound I and dip to the 
northeast, whereas the three faults observed on the southwest (right) side of the profile are part of 
Mound J and dip to the southwest. The controls on the thrust vergence are not apparent. Here, the 
Base Yafo/Top Evaporite horizon dips 2.16 degrees to the southwest and the vergence of these 
thrust faults is clearly not determined by the dip direction of the Base Yafo/Top Evaporite 
horizon (Figures 17, 58). 
 
Group 3 Mounds 
The five mounds within Group 3 (K-O) are all located near both the pinch-out of the 
Messinian Evaporites as well as to the two large depressions (d1 and d2) (Figures 9, 17) (Table 
1). These mounds are the most difficult to interpret due to poor internal seismic resolution. The 
internal seismic facies range from extremely low to high amplitude reflections. However, the 
reflections typically have poor continuity (Figure 59). The poor continuity of much of the 
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Figure 59. Seismic profile through Mound M: (A) uninterpreted, (B) interpreted. The 
Messinian Evaporite unit is shaded pink. Onlap and truncation arrows are annotated 
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107
internal reflectivity is possibly due to the shallow gas accumulations directly above the mounds 
at the base of the overlying mass-transport deposit (Base MTD horizon) (Figure 59). In addition; 
portions of the Group 3 mounds are possibly cored by remnant Messinian Evaporites.  
There is also the potential of later mound deformation. The growth sediments overlying 
the depressions (d1 and d2) indicate that the depressions formed either late or post mound 
formation (Figures 17, 59, 60). During the formation of the depressions (d1 and d2), the mounds 
of Group 3 may have been further deformed (Figures 7, 9, 17, 59). Seismic attributes did not 
help in enhancing these faults. For this reason, most of the Group 3 mounds are characterized by 
their external size and geometries.  
 
Mound K 
 Mound K is 2.37 km2 in areal extent and located 2.85 km to the southeast of the nearest 
Messinian Evaporite unit (Figures 9, 28, 61) (Table 1). At its thickest point, Mound K is 337.5 
m. This is 2.6 times the thickness of the underformed Yafo Sand Member (Figures 9, 28, 61). 
The maximum dip of the flanks of Mound K is 34 degrees (Figure 61) (Table 1). At this 
location the Base Yafo/Top Evaporite Horizon dips 1.81 degrees to the southwest (Figure 17) 
(Table 1).  
The internal reflections are low amplitude and low continuity (Figure 61). The 
reflections directly above the structurally highest point of Mound K provide some indication of a 
gas chimney present charging the small accumulation above (Figure 61). Thus, there may be a 
component of a decrease in reflection amplitude due to the shallow gas accumulation at the Base 
MTD horizon but it is more probable that the poor seismic resolution has a geologic origin 
(Figure 61).  
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 Mound L 
 Mound L encompasses an area of 3.69 km2 and is located approximately 1.3 km east of 
the Messinian Evaporite pinch-out (Figures 9, 28) (Table 1). This mound has a maximum 
thickness of 491 m, representing an increase in Yafo Sand Member thickness by 3.7 times 
(Figures 9, 28, 60, 62) (Table 1). The flanks of Mound L have a maximum dip of 37 degrees 
(Figures 60, 62) (Table 1). The internal reflections of Mound L range from high to low 
amplitude, but the continuity is generally poor (Figures 60, 62).  A portion of Mound L is 
located within the northernmost of the two depressions (d1) (Figure 60).  The sediments 
overlying the depression (d1) exhibit evidence of growth-related sedimentation indicating 
continued collapse of the depression after the formation of Mound L (Figure 60). It is likely that 
the internal geology of Mound L was affected by the development of this depression (d1) 
(Figure 7, 9, 17, 60, 62). It is also possible that there are remnant evaporites in portions of this 
mound (Figure 60). The presence of evaporites within this mound also helps explain the variable 
internal seismic amplitudes (Figure 60). 
The location of Mound L in close proximity to the depression (d1) results the steep 
southwest dip (14.38 degrees) of the Base Yafo/Top Evaporite horizon towards this depression 
(d1) (Figure 17). The base of this particular depression (d1) also intersects the northern flank of 
the Oligo-Miocene Afiq submarine canyon (Figures 7, 62).  
 
Mound M 
 Mound M is 2.59 km2 in area and is located approximately 1.6 km north of the Messinian 
Evaporite pinch-out (Figures 9, 28) (Table 1). This mound has a maximum thickness of 484 m, 
111
Fi
gu
re
 6
2B
. I
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
th
ro
ug
h 
M
ou
nd
s 
N
, M
, L
, a
nd
 O
. T
he
 M
es
si
ni
an
 E
va
po
rit
e 
un
it 
is
 s
ha
de
d 
pi
nk
. N
ot
e 
th
e 
lo
w
 a
m
pl
itu
de
 a
nd
 c
on
tin
ui
ty
 in
te
rn
al
 re
fle
ct
iv
ity
 o
f t
he
 m
ou
nd
s.
 T
he
 s
tru
ct
ur
al
ly
 lo
w
es
t p
oi
nt
 a
lo
ng
 
th
e 
B
as
e 
Ya
fo
/T
op
 E
va
p 
H
or
iz
on
 is
 th
e 
ea
st
er
n 
fla
nk
 o
f t
he
 d
ep
re
ss
io
n 
(d
2)
 o
bs
er
ve
d 
on
 F
ig
ur
es
 7
, 1
7,
 1
8.
 A
ls
o 
an
no
ta
te
d 
is
 th
e 
A
fiq
 S
ub
m
ar
in
e 
C
an
yo
n 
in
te
rs
ec
tin
g 
th
e 
de
pr
es
si
on
 (d
2)
. S
ee
 F
ig
ur
e 
62
A 
fo
r a
n 
un
in
te
rp
re
te
d 
pr
of
ile
 a
nd
 F
ig
ur
e 
28
 fo
r s
ei
sm
ic
 p
ro
fil
e 
lo
ca
tio
n.
  
B
Er
os
io
na
l 
Un
co
nf
or
m
ity
Ba
se
 M
TD
To
p 
YS
M
Sh
al
lo
w
 G
as
Sh
al
lo
w
 G
as
Ba
se
 E
va
p
B
as
e 
Ya
fo
/T
op
 E
va
p
Ba
se
 A
fiq
Su
bm
ar
in
e 
Ca
ny
on
L
O
M
N
d2
2.
2
2.
1
2.
3
2.
6
2.
5
2.
4
Two-way Travel Time (sec)
2.
7
1 
km
0.
62
 m
ile
2.
0
2.
8
2.
9
SS
W
N
N
W
Fi
gu
re
 6
2A
. U
ni
nt
er
pr
et
ed
 S
ei
sm
ic
 p
ro
fil
e 
th
ro
ug
h 
M
ou
nd
s 
N
, M
, L
, a
nd
 O
. S
ee
 F
ig
ur
e 
62
B
 fo
r i
nt
er
pr
et
ed
 p
ro
fil
e 
an
d 
Fi
gu
re
 2
8 
fo
r s
ei
sm
ic
 p
ro
fil
e 
lo
ca
tio
n.
  
A
112
Fi
gu
re
 6
2B
. I
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
th
ro
ug
h 
M
ou
nd
s 
N
, M
, L
, a
nd
 O
. T
he
 M
es
si
ni
an
 E
va
po
rit
e 
un
it 
is
 s
ha
de
d 
pi
nk
. N
ot
e 
th
e 
lo
w
 a
m
pl
itu
de
 a
nd
 c
on
tin
ui
ty
 in
te
rn
al
 re
fle
ct
iv
ity
 o
f t
he
 m
ou
nd
s.
 T
he
 s
tru
ct
ur
al
ly
 lo
w
es
t p
oi
nt
 a
lo
ng
 
th
e 
B
as
e 
Ya
fo
/T
op
 E
va
p 
H
or
iz
on
 is
 th
e 
ea
st
er
n 
fla
nk
 o
f t
he
 d
ep
re
ss
io
n 
(d
2)
 o
bs
er
ve
d 
on
 F
ig
ur
es
 7
, 1
7,
 1
8.
 A
ls
o 
an
no
ta
te
d 
is
 th
e 
A
fiq
 S
ub
m
ar
in
e 
C
an
yo
n 
in
te
rs
ec
tin
g 
th
e 
de
pr
es
si
on
 (d
2)
. S
ee
 F
ig
ur
e 
62
A 
fo
r a
n 
un
in
te
rp
re
te
d 
pr
of
ile
 a
nd
 F
ig
ur
e 
28
 fo
r s
ei
sm
ic
 p
ro
fil
e 
lo
ca
tio
n.
  
B
Er
os
io
na
l 
Un
co
nf
or
m
ity
Ba
se
 M
TD
To
p 
YS
M
Sh
al
lo
w
 G
as
Sh
al
lo
w
 G
as
Ba
se
 E
va
p
B
as
e 
Ya
fo
/T
op
 E
va
p
Ba
se
 A
fiq
Su
bm
ar
in
e 
Ca
ny
on
L
O
M
N
d2
2.
2
2.
1
2.
3
2.
6
2.
5
2.
4
Two-way Travel Time (sec)
2.
7
1 
km
0.
62
 m
ile
2.
0
2.
8
2.
9
SS
W
N
N
W
Fi
gu
re
 6
2A
. U
ni
nt
er
pr
et
ed
 S
ei
sm
ic
 p
ro
fil
e 
th
ro
ug
h 
M
ou
nd
s 
N
, M
, L
, a
nd
 O
. S
ee
 F
ig
ur
e 
62
B
 fo
r i
nt
er
pr
et
ed
 p
ro
fil
e 
an
d 
Fi
gu
re
 2
8 
fo
r s
ei
sm
ic
 p
ro
fil
e 
lo
ca
tio
n.
  
A
113
representing an increase in Yafo Sand Member thickness of 3.7 times (Figures 9, 59, 62) (Table 
1). Mound M is adjacent to Mound L and the dip of the Base Yafo/Top Evaporite Horizon is also 
affected by the southernmost depression (d2) (Figures 7, 9, 17, 59, 62). At this location, the Base 
Yafo/Top Evaporite Horizon has a dip of 8.17 degrees northwest towards this depression (d2) 
(Figure 17) (Table 1).  
 The internal seismic facies are low amplitude, chaotic reflections near the core of the 
mound; the overlying stratigraphy displays significant, abrupt lateral changes in thickness 
indicating shifting of paleo-thicks through time (Figures 59, 62). Again, the younger intervals of 
growth-related sediments above the nearby depression (d2) indicates that the depression (d2) 
formed post Mound M formation, likely affecting the amount of internal deformation within the 
mound (Figure 59). The thinner intervals of post mound formation growth-related sediments 
present on the southeast (right) side of the profile indicate a possible lateral movement of Mound 
M towards the depression (d2) on the northwest (left) side of the profile (Figure 59). The lateral 
of movement of the mound may coincide with the development of the depression (d2) (Figures 
7, 17, 59).  
 
Mound N 
 Mound N covers 4.53 km2 in area and is located directly northeast of and adjacent to the 
Messinian Evaporite pinch-out (Figures 9, 28) (Table 1). This mound has a maximum thickness 
of 498 m, representing an increase in thickness of the undeformed Yafo Sand Member by 3.8 
times (Figures 9, 28, 62, 63) (Table 1). 29.5 degrees is the maximum dip of the flanks of Mound 
N (Figure 63) (Table 1). The dip of the Base Yafo/Top Evaporite horizon is 2.96 degrees 
towards the depression (d2) to the northwest (Figure 17) (Table 1). Mound N appears to have 
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Figure 63. Seismic profile through Mound N: (A) uninterpreted, (B) interpreted.The 
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associated decreased reflection amplitude below. Also, note the almost reflection free 
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been further deformed during the development of southern depression (d2) (Figures 7, 17, 62, 
63). An accurate interpretation of the internal structure and stratigraphy of this mound is 
impeded by this later deformation as well as the shallow gas accumulation at the overlying Base 
MTD horizon (Figures 62, 63). Below this gas accumulation is a distinct seismic velocity push-
down and decrease in amplitude of the underlying seismic reflections (Figures 62, 63).  
 
Mound O 
Mound O encompasses an area of 3.69 km2 and is located approximately 1.3 km 
southeast of the Messinian Evaporite pinch-out (Figures 9, 28) (Table 1). This mound has a 
maximum thickness of 491 m, representing an increase in Yafo Sand Member thickness of 3.75 
times with the flanks of the mound maintaining a maximum dip of 30 degrees (Figures 9, 28, 61, 
62) (Table 1). The Base Yafo/Top Evaporite horizon dips 2.79 degrees southwest at the location 
of Mound O (Figure 17) (Table 1).  
Mound O is located on the northern flank of the northern depression (d1) (Figures 9, 28, 
61). The low internal amplitude and continuity of this mound is likely the result of later 
deformation caused by the formation of the northern depression (d1). The shallow gas 
accumulation overlying the thickest interval of Mound O also causes a decrease in the seismic 
amplitudes within the mound (Figures 61, 62). The normal faults in the section of sediments 
northwest (right) of Mound O are related to later Messinian Evaporite withdrawal (Figure 62). 
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Features Critical to Formation of the Andromeda Mound Complex 
 
 Several features are directly related to the formation and location of the Andromeda 
Mound Complex. First, understanding the timing and formation mechanisms of the depressions 
(d1 and d2), discussed above, is important to determine their influence on the Andromeda 
Mound Complex (Figure 17). The two large depressions (d1 and d2) have significantly 
influenced the internal structure of the Group 3 mounds (Figure 9). Although, located several 
kilometers updip (southeast) of the depressions (d1 and d2), the Group 2 Mounds have also been 
influenced by these depressions (d1 and d2). It is likely that the location of these depressions (d1 
and d2) has played an important role in the scale and location of both Group 2 and 3 Mounds.  
Second, determining the process of evaporite removal is essential to reach a valid 
interpretation of how this removal has influenced the overlying Yafo Sand Member. As 
discussed above, the initial deposition of the Messinian Evaporite unit was much more areally 
extensive then its present-day configuration. With the subsequent deposition of the Yafo Sand 
Member above the Messinian Evaporite unit, any deformation or removal by dissolution of the 
Messinian Evaporites affected the overlying stratigraphic intervals.  
 
d1 and d2 depressions 
 The two depressions (d1 and d2) are circular features, localized within the study area to 
the updip (southeast) Messinian Evaporite pinch-out (Figures 17, 18). The d1 depression is 
approximately 1 km in diameter and 250 msec in depth, whereas d2 is a larger feature at 1.6 km 
in diameter and 325 msec in depth. Utilizing the Yafo Sand Member interval velocity (2279 
117
m/sec), d1 is calculated to be 285 m deep and d2 is 370 m deep (Figures 18, 64). The reflections 
below these depressions (d1 and d2) display an interesting geometry (Figure 64). The reflections 
directly underlying d2 have a concave upward geometry (2.7-3.0 sec) (annotated in blue) 
(Figure 64). In the deeper section (3.0-3.3 sec), the reflections flatten and then have a convex 
upward orientation (annotated in blue) (Figure 64).   
 
Evaporite Dissolution  
 The position of the Messinian Evaporite pinch-out has shifted since the end of the 
Messinian (Figure 19). There is evidence of recent downdip (northwest) evaporite evacuation, 
but most of the Messinian Evaporite unit has been removed through dissolution. Figure 65 is an 
example of the largest distance of observable downdip (northwest) evaporite evacuation. There is 
distinct iso-thick shifting as the Messinian Evaporite pinch-out has retreated downdip 
(northwest) since the formation of the Erosional Unconformity horizon. However, the distance 
the Messinian Evaporite pinch-out has retreated is approximately 1 km downdip (northwest) in 
the last 4.0 myr (biostratigraphically constrained age date of the Erosional Unconformity) 
(Figures 10, 25). If evacuation is the only mechanism of evaporite removal, during the first 1.33 
myr post-Messinian (ended 5.33 Ma), the initial Messinian Evaporite interval retreated up to 20 
km in some locations (Figures 17, 19-22). This rapid rate of evacuation would have occurred 
with very little sediment loading. Also, a rate of evacuation this variable (approximately 20 km 
in first 1.33 myr and 1 km in last 4 myr) is difficult to explain when considering the increased 
sediment load through time. Late Syrian Arc uplift may have aided the evaporite evacuation, but 
extensional remnant evaporites should be found in the updip (southeast) areas, while significant 
118
Fi
gu
re
 6
4B
. I
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
th
ro
ug
h 
th
e 
so
ut
he
rn
 d
ep
re
ss
io
n 
(d
2)
 a
nd
 M
ou
nd
s 
N
 a
nd
 J
. T
he
 re
d 
lin
es
 
in
di
ca
te
 in
te
rp
re
te
d 
fa
ul
ts
. B
la
ck
 a
rr
ow
s 
in
di
ca
te
 fa
ul
t o
ffs
et
s 
an
d 
re
d 
ar
ro
w
s 
in
di
ca
te
 re
fle
ct
io
n 
on
la
ps
 a
nd
 
tru
nc
at
io
ns
. T
he
 d
ar
k 
bl
ue
 li
ne
s 
ar
e 
em
ph
as
is
in
g 
th
e 
re
fle
ct
io
n 
ge
om
et
ry
 d
ire
ct
ly
 b
el
ow
 th
e 
de
pr
es
si
on
 (d
2)
. T
he
 
M
es
si
ni
an
 E
va
po
rit
e 
un
it 
is
 s
ha
de
d 
pi
nk
. S
ee
 F
ig
ur
e 
64
A 
fo
r u
ni
nt
er
pr
et
ed
 p
ro
fil
e 
an
d 
Fi
gu
re
s 
7,
 8
 fo
r s
ei
sm
ic
 
pr
of
ile
 lo
ca
tio
n.
Ba
se
 M
TD
To
p 
YS
M
Ba
se
 Y
af
o/
To
p 
Ev
ap
Ba
se
 E
va
p
Er
os
io
na
l 
Un
co
nf
or
m
ity
Ch
an
ne
l C
om
pl
ex
Ba
se
 C
ha
nn
el
Co
m
pl
ex
Ba
se
 
O
lig
oc
en
e
B
d2
Sy
ria
n 
Ar
c 
Fo
ld
s
1.
9
1.
7
2.
1
2.
7
2.
5
2.
3
Two-way Travel Time (sec)
2.
9
1.
5
3.
5
3.
3
3.
7
4.
3
4.
1
3.
9
4.
5
3.
1
2 
km
1.
24
 m
ile
s
SE
N
W
J
N
Fi
gu
re
 6
4A
. U
ni
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
th
ro
ug
h 
th
e 
so
ut
he
rn
 d
ep
re
ss
io
n 
(d
2)
 a
nd
 M
ou
nd
s 
N
 a
nd
 J
. S
ee
 F
ig
ur
e 
64
B
 fo
r i
nt
er
pr
et
ed
 p
ro
fil
e 
an
d 
Fi
gu
re
s 
7,
 8
 fo
r s
ei
sm
ic
 p
ro
fil
e 
lo
ca
tio
n.
A
119
Fi
gu
re
 6
4B
. I
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
th
ro
ug
h 
th
e 
so
ut
he
rn
 d
ep
re
ss
io
n 
(d
2)
 a
nd
 M
ou
nd
s 
N
 a
nd
 J
. T
he
 re
d 
lin
es
 
in
di
ca
te
 in
te
rp
re
te
d 
fa
ul
ts
. B
la
ck
 a
rr
ow
s 
in
di
ca
te
 fa
ul
t o
ffs
et
s 
an
d 
re
d 
ar
ro
w
s 
in
di
ca
te
 re
fle
ct
io
n 
on
la
ps
 a
nd
 
tru
nc
at
io
ns
. T
he
 d
ar
k 
bl
ue
 li
ne
s 
ar
e 
em
ph
as
is
in
g 
th
e 
re
fle
ct
io
n 
ge
om
et
ry
 d
ire
ct
ly
 b
el
ow
 th
e 
de
pr
es
si
on
 (d
2)
. T
he
 
M
es
si
ni
an
 E
va
po
rit
e 
un
it 
is
 s
ha
de
d 
pi
nk
. S
ee
 F
ig
ur
e 
64
A 
fo
r u
ni
nt
er
pr
et
ed
 p
ro
fil
e 
an
d 
Fi
gu
re
s 
7,
 8
 fo
r s
ei
sm
ic
 
pr
of
ile
 lo
ca
tio
n.
Ba
se
 M
TD
To
p 
YS
M
Ba
se
 Y
af
o/
To
p 
Ev
ap
Ba
se
 E
va
p
Er
os
io
na
l 
Un
co
nf
or
m
ity
Ch
an
ne
l C
om
pl
ex
Ba
se
 C
ha
nn
el
Co
m
pl
ex
Ba
se
 
O
lig
oc
en
e
B
d2
Sy
ria
n 
Ar
c 
Fo
ld
s
1.
9
1.
7
2.
1
2.
7
2.
5
2.
3
Two-way Travel Time (sec)
2.
9
1.
5
3.
5
3.
3
3.
7
4.
3
4.
1
3.
9
4.
5
3.
1
2 
km
1.
24
 m
ile
s
SE
N
W
J
N
Fi
gu
re
 6
4A
. U
ni
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
th
ro
ug
h 
th
e 
so
ut
he
rn
 d
ep
re
ss
io
n 
(d
2)
 a
nd
 M
ou
nd
s 
N
 a
nd
 J
. S
ee
 F
ig
ur
e 
64
B
 fo
r i
nt
er
pr
et
ed
 p
ro
fil
e 
an
d 
Fi
gu
re
s 
7,
 8
 fo
r s
ei
sm
ic
 p
ro
fil
e 
lo
ca
tio
n.
A
120
Fi
gu
re
 6
5B
. I
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
sh
ow
in
g 
ev
id
en
ce
 o
f d
ow
nd
ip
 (n
or
th
w
es
t) 
ev
ap
or
ite
 e
va
cu
at
io
n.
 T
he
 re
d 
lin
es
 in
di
ca
te
 in
te
rp
re
te
d 
fa
ul
ts
. B
la
ck
 a
rr
ow
s 
in
di
ca
te
 fa
ul
t o
ffs
et
 a
nd
 re
d 
ar
ro
w
s 
in
di
ca
te
 re
fle
ct
io
n 
on
la
ps
 a
nd
 
tru
nc
at
io
ns
. T
he
 li
gh
t o
ra
ng
e 
lin
es
 in
di
ca
te
 th
e 
sh
ift
in
g 
of
 is
o-
th
ic
ks
 a
s 
th
e 
M
es
si
ni
an
 E
va
po
rit
es
 (s
ha
de
d 
pi
nk
) 
re
tre
at
ed
 d
ow
nd
ip
 (n
or
th
w
es
t).
 S
ee
 F
ig
ur
e 
65
A 
fo
r u
ni
nt
er
pr
et
ed
 p
ro
fil
e 
an
d 
Fi
gu
re
s 
7,
 8
 fo
r s
ei
sm
ic
 p
ro
fil
e 
lo
ca
tio
n.
B
Er
os
io
na
l 
Un
co
nf
or
m
ity
Ba
se
 M
TD
To
p 
YS
M
Ba
se
 Y
af
o/
To
p 
Ev
ap
Ba
se
 E
va
p
Fi
gu
re
 6
5A
. U
ni
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
sh
ow
in
g 
ev
id
en
ce
 o
f d
ow
nd
ip
 (n
or
th
w
es
t) 
ev
ap
or
ite
 e
va
cu
at
io
n.
 S
ee
 
Fi
gu
re
 6
5B
 fo
r i
nt
er
pr
et
ed
 p
ro
fil
e 
an
d 
Fi
gu
re
s 
7,
 8
 fo
r s
ei
sm
ic
 p
ro
fil
e 
lo
ca
tio
n.
A 1.91.7 2.1 2.72.52.3
Two-way Travel Time (sec)
2.
9
1.
5
SE
N
W
2 
km
1.
24
 m
ile
121
Fi
gu
re
 6
5B
. I
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
sh
ow
in
g 
ev
id
en
ce
 o
f d
ow
nd
ip
 (n
or
th
w
es
t) 
ev
ap
or
ite
 e
va
cu
at
io
n.
 T
he
 re
d 
lin
es
 in
di
ca
te
 in
te
rp
re
te
d 
fa
ul
ts
. B
la
ck
 a
rr
ow
s 
in
di
ca
te
 fa
ul
t o
ffs
et
 a
nd
 re
d 
ar
ro
w
s 
in
di
ca
te
 re
fle
ct
io
n 
on
la
ps
 a
nd
 
tru
nc
at
io
ns
. T
he
 li
gh
t o
ra
ng
e 
lin
es
 in
di
ca
te
 th
e 
sh
ift
in
g 
of
 is
o-
th
ic
ks
 a
s 
th
e 
M
es
si
ni
an
 E
va
po
rit
es
 (s
ha
de
d 
pi
nk
) 
re
tre
at
ed
 d
ow
nd
ip
 (n
or
th
w
es
t).
 S
ee
 F
ig
ur
e 
65
A 
fo
r u
ni
nt
er
pr
et
ed
 p
ro
fil
e 
an
d 
Fi
gu
re
s 
7,
 8
 fo
r s
ei
sm
ic
 p
ro
fil
e 
lo
ca
tio
n.
B
Er
os
io
na
l 
Un
co
nf
or
m
ity
Ba
se
 M
TD
To
p 
YS
M
Ba
se
 Y
af
o/
To
p 
Ev
ap
Ba
se
 E
va
p
Fi
gu
re
 6
5A
. U
ni
nt
er
pr
et
ed
 s
ei
sm
ic
 p
ro
fil
e 
sh
ow
in
g 
ev
id
en
ce
 o
f d
ow
nd
ip
 (n
or
th
w
es
t) 
ev
ap
or
ite
 e
va
cu
at
io
n.
 S
ee
 
Fi
gu
re
 6
5B
 fo
r i
nt
er
pr
et
ed
 p
ro
fil
e 
an
d 
Fi
gu
re
s 
7,
 8
 fo
r s
ei
sm
ic
 p
ro
fil
e 
lo
ca
tio
n.
A 1.91.7 2.1 2.72.52.3
Two-way Travel Time (sec)
2.
9
1.
5
SE
N
W
2 
km
1.
24
 m
ile
122
downdip contractional features would be expected. Neither of these features is present indicating 
that a large percentage the initial Messinian Evaporite unit was likely removed via dissolution.  
 
Collapse Features 
 South of the study area, there are documented dissolution collapse features in the 
Messinian Evaporite unit found above the Oligo-Miocene Afiq and el-Arish submarine canyons 
(Figure 66) (Bertoni and Cartwright, 2005). The largest of these features is calculated to be 2 km 
in diameter and 180 m deep (Figures 66, 67) (Bertoni and Cartwright, 2005). The remaining 9 
features are between 200 m and 1000 m in diameter and 50 m to 100 m deep (Figure 66) 
(Bertoni and Cartwright, 2005). The proposed model for the formation of these features consists 
of focused vertical fluid flow sourced from the Afiq submarine canyon (Figure 68) (Bertoni and 
Cartwright, 2005). Overpressured fluids, sourced from the Afiq submarine canyon, partially 
dissolved and fractured the base of the Messinian Evaporite interval. This enabled 
undersaturated, low-salinity fluids to migrate into the evaporite unit dissolving more soluble 
portions. The evaporite volume loss resulted in the observed collapse features (Figure 68) 
(Bertoni and Cartwright, 2005).  
 Another interpretation for the location and cause of the dissolution collapse features is 
related to the underlying Syrian Arc folds (Figures 14, 66). The map presented in Bertoni and 
Cartwright, (2005) identifies the location of the described collapse features as overlying the Afiq 
submarine canyon (Figure 66). However, this map also displays the location of these features 
along the axis of an underlying Syrian Arc fold (annotated as the southwest-northeast trending 
anticline on Figure 66). Late uplift of these underlying Syrian Arc folds resulted in subtle 
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Figure 66. Time–structure map of Base Yafo/Top Evaporite horizon in the Levant A seismic 
survey. The distribution of the circular structures analyzed in Bertoni and Cartwright (2005), 
named progressively CS-1 to CS-10 is shown. The presence of the linear depression and the 
extensional faults near the pinch-out of the Messinian evaporites should be noted. The main 
deep structures of the study area are represented by the anticlines (axes highlighted on the 
map) related to the Syrian Arc foldbelt system (Neev & Ben-Avraham, 1977; Tibor & Ben-
Avraham, 1992). The approximate location the 3D survey used in this text is annotated in 
blue with the Andromeda East-1 well (AE-1) annotated and the AMC outlined in black. 
(Modified from Bertoni and Cartwright, 2005).
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extensional normal faulting in the Oligo-Miocene section above the fold crests (Figures 22, 23, 
69), which allowed for increased rates of undersaturated, low-salinity vertical fluid migration 
into the overlying Messinian Evaporite unit. The locations of these fluid migration conduits 
created localized zones of greater volumes of evaporite dissolution (Figures 66, 68).  
 There are examples of similar dissolution collapse features within this study area. 
Approximately 4.5 km south of the Andromeda East-1 well, there are several features with 
geometries similar to those presented by Bertoni and Cartwright, (2005) (Figures 66, 67). An 
RMS amplitude extraction map 20 msec above the Base Yafo/Top Evaporite horizon displays a 
series of five circular features (Figure 70, 71). A vertical profile through these features displays 
five depressions along the Base Yafo/Top Evaporite horizon (Figure 71). These five depressions 
vary between 300 m and 800 m in diameter and 60-77 msec (68-88 m) in depth (Figures 70, 71). 
The similarity of these features in scale and appearance to those described by Bertoni and 
Cartwright, (2005) leads to the conclusion that these are also evaporite dissolution collapse 
features. The sediments overlying these collapse features display two styles of deformed Yafo 
Sand Member. First, the three collapse features on the northwest (left) side of the profile have 
small scale mounding of the Yafo Sand Member (Figure 71). Second, the two areas of dissolved 
evaporites on the south side of the profile are filled with sediments that are cut with normal faults 
(Figure 71). 
It is likely that dissolution collapse features, similar to those described above, developed 
across the study area. The initial deposition of the Messinian Evaporite unit was much more 
areally extensive than the current distribution. During the Messinian, thicker evaporite intervals 
were deposited in the Afiq (to the south) and Ashdod (to the north) submarine canyons (Figures 
17, 19). The deposition of a thicker evaporite interval within the submarine canyons explains the 
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Figure 84
Figure 70. RMS amplitude extraction map 20 msec above the Base Yafo/Top Evaporite 
Horizon. Note the series of annotated circular dissolution features south of the Messinian 
Evaporite pinch-out (pink line). The edge of the Andromeda Mound Complex is outlined in 
blue. See Figure 20 for map location.
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Figure 71. Seismic profile through dissolution features within the Messinian Evap-
orties (shaded pink): (A) uninterpreted, (B) interpreted. The red lines indicate inter-
preted faults. Black arrows indicate fault offset and red arrows indicate reflection 
onlaps and truncations. See Figure 70 for seismic profile location. 
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preservation of the dissolution collapse features described above. However, due to an initially 
thinner interval of evaporite deposition across the area updip (southeast) of the Messinian 
Evaporite pinch-out, most of the dissolution collapse features in this area were not preserved 
during the subsequent evaporite dissolution. Although there is no preservation of dissolution 
collapse features in the area updip (southeast) of the Messinian Evaporite pinch-out, there is 
evidence that they occurred. 
 
Evidence of Evaporite Dissolution in Map View 
The stratigraphic intervals overlying the Yafo Sand Member provide evidence of the 
underlying Messinian Evaporite dissolution (Figure 15). A series of isochron maps were 
generated between significant surfaces in the Plio-Pleistocene section of the study area (PP1-6) 
(Figure 15). These intervals, when mapped, display shifting iso-thicks that are interpreted to be 
the shifting areas of accommodation resulting from the dissolution of underlying Messinian 
Evaporite deposits (Figure 72, 73). 
 The first interval is directly above the Top Yafo Sand Member horizon (PP1) (Figures 
15, 72A, 74). Iso-thicks are slightly offset from most of the mounds (Figures 74, 73(1)). The 
most notable iso-thicks are southeast of Mounds A, B and west of the Andromeda East-1 well 
(Figures 72A, 74(1), 73(1, 2)). These thicker intervals were caused by the infilling of sediments 
into the bathymetric lows adjacent to the structurally higher mounded portions of Yafo Sand 
Member (Figures 69, 72A, 74). Also, thicker intervals are directly overlying the depressions (d1 
and d2), which indicates zones of higher accommodation coinciding with the depressions’ (d1 
and d2) formation (Figures 72A, 73(2), 74(2)).  This interval (PP1) is onlapping the flanks of 
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Figure 72. Isochron maps of the intervals PP1-6 annotated on Figure 15 in the Plio-
Pleistocene section of the basin. Warm colors are thicks and cool colors are thins. The red 
line indicates the edge of the Andromeda Mound Complex. The red circle indicates the 
location of the Andromeda East-1 well (AE-1). The white areas in (A) and (B) indicate where 
the intervals onlap the Andromeda Mound Complex. All scales are in two way travel time 
(TWTT) (sec). Each map A-F is enlarged in the corresponding figure number annotated. 
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Figure 73. Schematic map of the locations of iso-thicks within the PP1-PP6 intervals anno-
tated on Figure 15. The red polygons mark the edge of the various mounds that make up the 
Andromeda Mound Complex. The numbers correspond to individual iso-thicks discussed in 
the text. See Figures 73-79 for the isochron maps that correspond with the PP1-PP6 inter-
vals.
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Figure 74. Isochon map of the PP1 interval annotated on Figure 15. Warm colors are thicks 
and cool colors are thins. The contour inverval is 30 msec. The areas with no color near the 
Androemda East-1 well (AE-1) is where the interval onlaps the flanks of the main Andromeda 
Mound complex. The red polygons mark the edge of the various mounds that make up the 
Andromeda Mound Complex. Scale is in two way travel time (TWTT) (sec).
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several mounds of the Main Andromeda Mound Complex resulting from continued marine 
sedimentation filling bathymetric lows (Figures 72A, 74).  
The PP2 interval displays iso-thicks that have shifted with respect to those within the PP1 
interval (Figures 72B, 75(3)). The largest shift occurred just south of the two depressions (d1 
and d2) (Figures 72B, 75(3), 73(3)). The thicker intervals are offset from the Andromeda Mound 
Complex as the zones of accommodation shift with continued evaporite dissolution (Figures 
72B, 75). A thin interval of PP2 is overlying most of the Andromeda Mound Complex, but PP2 
also onlaps the structurally higher mounds (I and J) (Figures 72B, 75).  
The PP3 interval has a very thin interval across most of the main Andromeda Mound 
Complex (Figures 72C, 76). The iso-thicks near the depressions (d1 and d2) have shifted as 
evaporite dissolution continued and the resulting collapse features form (Figures 72C, 73(4), 
76(4)). To the northeast of the Main Andromeda Mound Complex, the thicker intervals again are 
likely related to bathymetric lows associated with continued evaporite dissolution (Figure 72C, 
73(5), 76(5)).  
  The top of the PP4 interval is defined Base MTD horizon (Figures 15, 72D, 77). For the 
most part, this interval consistently thickens towards the northwest (Figures 72D, 77(6)). There 
is a slight localized thickening above the two depressions (d1 and d2) northwest of the 
Andromeda East-1 well (Figures 72D, 73(6), 77(6)). It is interpreted that by the deposition of the 
PP4 interval, most of the evaporites updip (southeast) of the present day Messinian Evaporite 
pinch-out have been removed (Figures 8, 17, 19). The thicker sections of this interval mostly 
occur above the main evaporite interval to the west of the Andromeda Mound Complex (Figures 
72D, 73(7), 77(7)). 
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Figure 75. Isochon map of the PP2 interval annotated on Figure 15. Warm colors are thicks 
and cool colors are thins. The contour inverval is 20 msec. The areas with no color near the 
Androemda East-1 well (AE-1) are where the interval onlaps the flanks of the mounds. The 
red polygons mark the edge of the various mounds that make up the Andromeda Mound 
Complex. The scale is in two way travel time (TWTT) (sec).
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Figure 76. Isochon map of the PP3 interval annotated on Figure 15. Warm colors are thicks 
and cool colors are thins. The contour inverval is 20 msec. The Androemda East-1 well is 
annotated AE-1. The red polygons mark the edge of the various mounds that make up the 
Andromeda Mound Complex. The scale is in two way travel time (TWTT) (sec).
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Figure 77. Isochon map of the PP4 interval annoated on Figure 15. Warm colors are thicks 
and cool colors are thins. The contour inverval is 20 msec. The Andromeda East-1 well is 
annoated AE-1. The red polygons mark the edge of the various mounds that make up the 
Andromeda Mound Complex. The scale is in two way travel time (TWTT) (sec).
139
The PP5 and PP6 intervals show little evidence of evaporite dissolution (Figures 15, 
72E-F, 78, 79). However, the thicker intervals to the west of the Andromeda Mound Complex 
mark the start of any substantial downdip (northwest) evaporite evacuation (Figures 72E-F, 
73(8, 9), 78(8), 79(9)). These iso-thicks mimic the trend of the current location of the Messinian 
Evaporite pinch-out. The Messinian Evaporite pinch-out (marked by the thicker intervals) shifts 
downdip (northwest) slightly between PP5 and PP6 (Figures 15, 72E-F, 73(8, 9), 78(8), 79(9)). 
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Figure 78. Isochon map of the PP5 interval annotated on Figure 15. Warm colors are thicks 
and cool colors are thins. The contour inverval is 20 msec. The Andromeda East-1 well is 
annotated AE-1. The red polygons mark the edge of the various mounds that make up the 
Andromeda Mound Complex. The scale is in two way travel time (TWTT) (sec).
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Figure 79. Isochon map of the PP6 interval annotated on Figure 15. Warm colors are thicks 
and cool colors are thins. The contour inverval is 20 msec. The Andromeda East-1 well is 
annotated AE-1. The red polygons mark the edge of the various mounds that make up the 
Andromeda Mound Complex. The scale is in two way travel time (TWTT) (sec).
142
DISCUSSION 
Introduction 
Sedimentary features as unusual as the Andromeda Mound Complex defy simplistic 
categorization and interpretation. The confluence of a number of unusual factors makes the 
interpretation challenging. Any interpretation for the origin of the Andromeda Mound Complex 
must explain the following seven basic observations. (1) These mounds have a distinct structural 
origin, which become increasingly more complex as the overall thickness increases (Figures 9, 
29, 50). (2) Within the thicker mounded features, there are distinct intervals of growth-related 
sediment (Figures 29, 50, 53). (3) The sediments that directly overlie the mounded features also 
onlap their flanks, indicating prominent bathymetric expression at the time of the mounds’ 
formation (Figure 29). (4) The onlapping sediments commonly downlap onto the top Yafo Sand 
Member horizon where in close proximity to the mounds. This, in addition to the common 
steeply dipping flanks of the mounds, indicates possible later rotation of the mounds and the 
overlying sediments (Figure 32). (5) The Top Yafo Sand Member reflection correlates away 
from the mounds to an interval with a seismic stratigraphic signature that has a sheet-like origin 
(Yafo Sand Member) (Figure 23). (6) The Andromeda East-1 well penetrated predominantly 
very fine- to fine-grained sand. Several layers contain granules to conglomerates. The well also 
penetrated interbedded claystone throughout the mounded interval and a basal marl zone (Figure 
10). (7) The biostratigraphic data from the Andromeda East-1 well constrains the age of 
deposition of the sediments within the Andromeda Mound Complex to between 5.05-4.0 Ma; in 
addition, benthic foraminifers indicate the deposition of the overlying and underlying condensed 
section in upper to middle bathyal water depths (Figures 10, 12). 
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Five scenarios will be examined, in detail, as possible formation mechanisms of the 
Andromeda Mound Complex.  The first scenario is the possibility that these high net-to-gross 
mounds are eolian dunes. The second possible explanation is similar to the published 
interpretation of the Mari B, Noa and Nir mounds (Frey-Martinez et al., 2007), with the 
Andromeda Mound Complex resulting from remobilized, injected siliciclastic sediments. A third 
possible explanation is the Andromeda Mounds are the result of evaporite deformation within the 
Yafo Sand Member, forming evaporite cored sand mounds. The fourth formation mechanism is 
one in which the Andromeda Mound Complex is the result of some kind of mass-movement of 
the Yafo Sand Member. Finally, the fifth scenario shows that the formation of the Andromeda 
Mound Complex is not likely due to a single event but probably a confluence of events that 
occurred in a particular sequence. This unique sequence of events is why similar “sand mounds” 
are poorly documented in the literature.  
 
Eolian Dunes 
 The desiccation of the Mediterranean Sea during the Messinian resulted in a scenario in 
which the development of eolian dunes became a possibility in the present-day slope region. In 
the area of the Andromeda Mound Complex, the significant drawdown of 800 m (Cartwright and 
Jackson, 2008) below present sea level led to the sub-aerial exposure of the previous shelf and 
upper slope. In the deep basin, this drawdown is expressed by the deposition of up to a 2 km 
thick unit of evaporites (Figure 13) (Cartwright and Jackson, 2008). Updip (southeast) of the 
evaporite pinch-out, the equivalent surface is an erosional unconformity (Figures 6, 17).  
In this scenario, river systems incised significantly into the shelf and upper slope, 
delivering fluvial sediments to the study area. In the arid setting, wind reworked the sands into 
large dunes that were concentrated in this area. In this scenario, the large Andromeda mounds 
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represent discrete ergs that were preserved as dunes during the subsequent catastrophic flooding 
of the Mediterranean Sea. The Andromeda East-1 well indicates that the mounded features are 
very high net-to-gross with the dominant lithology being very fine to fine-grained sand (Figure 
10). There are also documented cases of eolian dune formation in evaporite basins with similar 
dimensions as the study area (Kugler and Mink, 1999). 
 There are four significant problems with this interpretation. First, the ages of the 
reservoirs conflict with the timing of the “Zanclean Flood” (5.33 Ma), in which the connection 
between Mediterranean Sea the Atlantic Ocean was reestablished (Krijgsman et al., 1999). The 
end of the Messinian marked a return of the Mediterranean Sea to normal marine conditions. The 
biostratigraphic data analyzed in the Andromeda East-1 well show the marl (CS) at base of the 
mounded feature is 5.05 Ma, where as the marl (CS) of the top of the mound is dated at 4.0 Ma 
(Figures 10, 12). Second, benthic foraminifera, sampled from the marls at the base and top 
indicate upper to middle bathyal zones (200-600 m and 600-1000 m water depth) (Figures 10, 
12). Third, the Top Yafo Sand Member horizon, which marks the top of the Andromeda Mound 
Complex, correlates away from the mounds to undeformed portions of the Yafo Sand Member 
(Figure 23). The Yafo Sand Member has been interpreted as turbidite sheets in previous studies 
(Figures 4, 23) (Frey-Martinez et al., 2007) and this study. Fourth, as described above, the 
internal architecture of the mounds do not resemble eolian cross beds. Instead, distinct thrust 
faults causing structural duplication and related growth sediments are present in many of the 
mounds that compose the Andromeda Mound Complex (Figures 9, 29). This structural 
component of the mounded features, in addition to their marine depositional setting, make an 
interpretation of eolian dunes unlikely as a mechanism that accounts for the formation of the 
Andromeda Mound Complex.  
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 Injected Siliciclastic Sediments 
 
 As described above, several of the Pliocene gas fields in the Levant basin are found in the 
mounded portions of the Yafo Sand Member. These reservoirs are somewhat similar to the 
Andromeda Mound Complex in their distribution and on seismic stratigraphic signature. The 
Mari B and Nir mounds are interpreted to have formed from remobilized sediments that were 
injected into their cores, as a result of overpressured sediments underlying the mounds. These 
mounds occur in the same stratigraphic interval as the Andromeda Mound Complex and are 
located approximately 30 km to the southeast of the Andromeda East-1 well (Figures 3, 4).  
Frey-Martinez et al. (2007) described the internal seismic facies of the Mari B and Nir 
mounds as having both chaotic and more continuous zones. The continuous zones are interpreted 
as original Yafo Sand Member sediments, whereas the chaotic zones, which are commonly 
found in the core of the mounds, are interpreted as remobilized, fine-grained siliciclastic 
sediments injected from an underlying unit (Figure 5). The Base Yafo/Top Evaporite horizon 
beneath the core of these mounds has a convex shape as a result of the remobilized material 
(Figure 5). The model presented by Frey-Martinez et al. (2007) is that the sand-rich channel-fill 
systems present in the Afiq submarine canyon became overpressured and fluidized, in part, as the 
result of seismic activity. The overpressured, fluidized sediments were injected upward into the 
Yafo Sand Member (Figure 5).  
Where mapped, the structural depressions that flank the Mari B and Nir mounds were 
interpreted as volume loss features (Figure 5). The thickness of the Yafo Sand Member is 
consistent across these flanking depressions, leading to an interpretation that the volume of 
sediment loss was from the units that underlie the Yafo Sand Member stratigraphic interval 
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(Frey-Martinez et al., 2007). The overlying sediments onlap the flanks of these mounds, 
indicating their bathymetric expression at the time of formation (Figure 5). 
 The Mari B and Nir mounds and the Andromeda Mound Complex have several common 
characteristics. (a) They are all in close proximity and are present in the same stratigraphic 
interval. (b) The overlying sediments onlap the flanks of these mounds indicating the mounds 
had bathymetric relief (Figures 5, 29). (c) The flanks of both sets of mounds have unusually high 
dips. For those described by Frey-Martinez et al., (2007) the flanks have a dip of 20-25 degrees. 
The flanks of the Andromeda Mound Complex have similar maximum dip angles (Figure 63) 
(Table 1). Maximum dip angles of undecompacted deepwater elements are 5-8 degrees 
(proximal levees), with most elements having less than 0.5 degree dip (Weimer and Slatt, 2006). 
Thus the steeply dipping flanks, in addition to the large sand content of the mounds, are unlikely 
depositional in origin. (d) Some of the mounds that compose the Andromeda Mound Complex 
have chaotic seismic reflections near their core (Figure 62), which is similar to the cores of the 
Mari B and Nir mounds, where the chaotic reflections are interpreted as fine-grained siliciclastic 
sediments injected from below (Frey-Martinez et al., 2007) (Figures 5, 80). (e) The Mari B and 
Nir mounds overlie the Oligo-Miocene Afiq submarine canyon, which is interpreted to be the 
source of the injected siliciclastic sediments (Frey-Martinez et al., 2007) (Figures 4, 5). This 
same canyon is present in the study area; however it is slightly offset to the south of the Main 
Andromeda Mound Complex (Figure 8). (f) Near both sets of mounds, there are nearby seafloor 
depressions (Figures 5, 17). Along the flanks of the Mari B and Nir mounds, seafloor 
depressions developed that are interpreted to be the result of an underlying volume loss as 
material was remobilized (“D” in Figure 5B-D; Frey-Martinez et al., 2007). Two large 
depressions (d1 and d2) are mapped near the Andromeda Mound Complex (Figure 17). 
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 There are five significant problems with a siliciclastic injection scenario to explain the 
genesis of the Andromeda Mound Complex. First, the internal seismic configurations of many 
mounds of the Andromeda Mound Complex are markedly different than the Mari B and Nir 
mounds. In contrast to the chaotic reflections of the Mari B and Nir mounds, the mounds of 
Group 1 and 2 display distinct contractional features (Figures 9, 27, 29, 30). These contractional 
features exhibit thrusting along a basal detachment surface seismically equivalent to the Base 
Yafo/Top Evaporite horizon (Figures 17, 25, 27, 29, 30).  
Second, large amounts of growth-related sediment found internally within the mounds of 
Group 2 (Figures 29, 50, 53).  The growth-related sediments compose a significant percentage 
of the overall volume of the mounds (Figures 29, 50, 53). Along with the presence of thrust 
faults and growth-related sediments, there are also multiple onlap surfaces within the mounds 
(Figures 29, 53). The amount of internal stratigraphy that composes the Andromeda Mound 
Complex is not consistent with remobilized injected clastics.  
Third, if the mounds formed from an injectite system and the two depressions (d1 and d2) 
are the result of a volume of sediments mobilized from below and injected upward, there must 
also have been lateral transport of sediment updip (southeast) towards Mounds I and J (Figure 7, 
9, 64). Mounds I and J are located several kilometers updip (southeast) of the two depressions 
(d1 and d2) (Figure 7). However, these mounds lack any significant convex upward component 
to the Base Yafo/Top Evaporite horizon (Figures 7, 9, 29, 53). The lack of any significant Base 
Yafo/Top Evaporite horizon variability below these two mounds indicates that there was no 
vertical movement of sediment through this horizon at these locations. The convex upward 
geometry of the Base Yafo/Top Evaporite horizon was an important observation in the mounds 
interpreted by Frey-Martinez et al. (2007) (Figures 5, 80). The lateral transport of remobilized 
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material several kilometers updip (southeast) is an unlikely scenario because maintaining 
sufficient overpressure in the deforming sediment would have been difficult over such a distance 
and in a close proximity to the paleo-seafloor.  
Fourth, assuming that the two depressions (d1 and d2) were the result of siliciclastic 
injection, the volume of sediment removed from these depressions (d1 and d2) is much less than 
the total volume of additional material in the mounds of the Andromeda Mound Complex 
(Figures 7, 17, 64). The combined volume of removed sediment that resulted in the two 
depressions (d1 and d2) represents 0.92 km3, whereas the volume of additional sediment within 
the mounded portions of Yafo Sand Member (131 m) is 8.1 km3 (Figures 9, 17, 64). The 
reflection configuration below d2 does provide some evidence of remobilized sediment (2.7-3.0 
sec; Figure 64). Specifically, the concave upward geometry indicates a volume of material 
removed from below the Base Yafo/Top Evaporite horizon (Figure 64). If there is an injectite 
component to the Andromeda Mound Complex, it only partially explains the size and scale of the 
mounds. 
Fifth, most of the documented clastic injectites are primarily composed of dikes, sills, and 
gull wing-like geometries that developed primarily in the subsurface (Hurst and Cartwright, 
2007). Some of the injected bodies may have a mounded component where they deformed the 
overlying strata. However, these typically have much lower gradient flanks and are smaller scale 
than the Andromeda Mound Complex (Hurst and Cartwright, 2007). Thus, it is unlikely that 
overpressured injected siliciclastic material is the primary formation mechanism of the 
Andromeda Mound Complex.  
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Evaporite Cored Mounds 
 The presence of evaporites within the study area, plus the low-amplitude reflections in 
the core of some of the thicker mounds, gives the superficial appearance that evaporites may 
have played a role in the formation of the Andromeda Mound Complex (Figures 18, 62). There 
are several observations within the Andromeda Mound Complex that can possibly be explained 
by evaporite involvement.  
First, a possible interpretation for the chaotic zones within the mounds is the presence of 
evaporite bodies, whereas the zones with more continuous reflections represent original Yafo 
Sand Member sediments that have been deformed (Figures 59-63). Specifically, several mounds 
in Group 3 have the superficial seismic signature that suggests the presence of thin salt at their 
base (commonly < 100 msec, Figures 59, 60). The locations of most of the mounds that 
compose the Andromeda Mound Complex tend to flank the Messinian Evaporite pinch-out 
(Figures 8, 9, 19). The Main Andromeda Mound Complex is located at the updip (southeast) 
pinch-out of the Messinian Evaporites within the study area (Figure 9). The mounds located 
closest to the two depressions (d1 and d2) (Group 3) northwest of the Andromeda East-1 well 
have the most complex architecture (Figure 7, 9, 62). The Group 3 mounds are also located in 
close proximity to the Messinian Evaporite pinch-out; thus, potential evaporites at the core of 
these mounds could explain the chaotic seismic reflection configuration (Figures 8, 9, 19, 62).  
Second, the relatively thick interval of growth sediments above the two depressions (d1 
and d2) is evidence of later volume loss or movement (Black double arrows in Figures 59, 61). 
If the depressions (d1 and d2) were originally filled with evaporites, then one possible 
interpretation for their origin is that the overlying growth sediments are evidence of lateral 
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evaporite movement, which in turn deformed the Yafo Sand Member (Group 3 mounds) 
surrounding the depressions (Figures 59, 61).  
 Although the cores of some mounds have the superficial appearance of salt, a more 
detailed examination reveals no salt is in fact present. First, the Andromeda East-1 well was 
drilled in a thick section of Mound J that has a seismic stratigraphic signature at its core similar 
to evaporites (Figure 9, 10, 25, 28, 29).  However, the well did not penetrate any evaporite strata 
(Figure 10).   
Second, to evaluate the possible presence of evaporites, the data processing velocity grids 
were converted to SEGY format for visualization by Fusion Geophysical.  This conversion 
allows for the direct evaluation of the interval velocity in profile in 3D (Figure 81).  Because the 
evaporites have a much higher interval velocity than the over and underlying sediments, these 
analyses should clearly show the zones of anomalous high velocities.  No evaporites were 
indicated on the profile (Figure 81).  However, the relatively thin intervals (< 100 msec) of 
potential isolated evaporite remnants may be below the resolution of the velocity fields provided 
by Noble Energy Corporation. Thus, although this display gives somewhat equivocal results, the 
lack of evaporites imaged on the iso-velocity profile at the Andromeda East-1 well suggests that 
evaporites may not core the thicker mounds. Furthermore, if these mounds had evaporite cores, 
significant velocity and density contrasts should generate a reflection with prominent amplitude. 
This prominent reflection does not occur indicating there are no evaporites present (Figure 81). 
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Mass-Transport Deposits (MTD) 
In deepwater settings, large, externally mounded features that are similar to the 
Andromeda Mound Complex, might be caused by MTDs. MTDs are common in the Plio-
Pleistocene section of the Levant Basin (Figure 6, 24). Frey-Martinez et al. (2005) summarized 
the internal features of these MTDs. In the downdip portions, distinct thrust faults are present 
(Figure 24). The remainder of the MTDs consist of chaotic reflections with poor continuity, 
which are interpreted as disorganized slides (Figure 24).  
The Andromeda Mound Complex has superficial similarities to the MTDs in the study 
area but at a smaller scale. First, distinct contractional features are present in the mounds 
(Figures 9, 27, 37). The thrust faults occur along the detachment surface that is seismically 
equivalent to the Base Yafo/Top Evaporite horizon (Figure 25). This horizon correlates to the 
basal hemi-pelagic clay and marl zone at the base of the Andromeda East-1 well log (Figures 10, 
25). Mound G also displays nearby evidence of subtle extension updip of the mound (Figures 
44-46). 
 Second, the contractional features observed within the Group 1 and 2 mounds are 
consistent with transport or shortening of the Yafo Sand Member (Figures 37, 38). The 
continuous reflections likely represent discrete blocks of original Yafo Sand Member that have 
been transported and rotated (Figures 37, 38). The chaotic zones are interpreted as disorganized 
slides or areas that have been heavily faulted and fractured. However, there are probably many 
more faults and fractures than can be imaged seismically (Figures 37, 38). Zones with lower 
reflectivity may also be the result of inclined and rotated strata (Figure 41). 
Third, the best evidence of lateral shortening of the Yafo Sand Member within the study 
area is observed with Mound E (Figure 9). As described above, the undeformed Yafo Sand 
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Member on the northwest side of Mound E is 25% thinner than the same interval on the 
southeast side (Figure 37). This thinning occurs across a distance of 4 km (Figure 37). When 
examining the thinning of an undeformed interval of Yafo Sand Member away from any 
mounds, the Yafo Sand Member thins only 6% over a southeast-northwest trending 4 km 
distance. The more abrupt thinning of the Yafo Sand Member near Mound E indicates that there 
has been lateral shortening of this interval. 
Inspite of the superficial similarities, three key observations indicate that the Andromeda 
Mound Complex is not primarily MTDs in origin. First, growth-related sediments are clearly 
present in Mounds I and J; however, these syn-tectonic sediments are not recognized in MTDs 
because they usually develop from single or multiple mass failures of catastrophic origin. 
Typically their formation does not last long enough to develop growth-related sedimentation. 
Second, there is considerable variability in thrust vergence both within and between the 
individual mounds of the Andromeda Mound Complex (Figure 9). This variability in vergence is 
markedly different than most MTDs (Weimer and Slatt, 2006).  Although this variability in 
vergence does not negate the MTD interpretation as a possible formation mechanism of the 
Andromeda Mound Complex, it does require significant local variabilities in the origin of the 
slides.  It is possible that localized, variable gradients through time associated with variable 
thickness of the underlying Messinian Evaporite unit had some influence on the thrust vergence 
variation (Figures 9, 17).   
Finally, thrust fault vergence that is oblique or opposite the dip of the Base Yafo/Top 
Evaporite horizon is commonly observed in the Andromeda Mound Complex (Figures 9, 17, 
37). The local gradients of the present day Messinian Evaporite pinch-out are not likely 
sufficient to generate the thrust fault vergence opposite to the regional dip of the Base Yafo/Top 
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Evaporite Horizon (Figures 9, 17). Thus, the simple mass-movement of the Yafo Sand Member 
might account for some, but not all of the observed geometries of the Andromeda Mound 
Complex.  
 
Proposed Models for Mound Formation 
The mounds that compose the Andromeda Mound Complex are unique features; no 
similar features have been described in outcrop or other sedimentary basins. A unique set of 
conditions likely contributed to the mounding observed in the study area (Figures 7-9). The 
confluence of conditions that are responsible for the formation of the Group 1 mounds include: 
(a) the original distribution of Messinian Evaporites was more widespread than present; (b) the 
deposition of the turbidite sands of the Yafo Sand Member above the low gradient upper surface 
of the Messinian Evaporite interval (Base Yafo/Top Evaporite horizon); (c) early Pliocene Syrian 
Arc uplift; (d) variable amounts of Messinian Evaporite dissolution within the study area; (e) 
mass-movement of discrete blocks of the Yafo Sand Member into Messinian Evaporite 
dissolution collapse features; and (f) continued Syrian Arc uplift, Messinian Evaporite 
dissolution, and the resulting inversion of some of the Pliocene-Pleistocene Yafo Formation 
including the mounded portions of the Yafo Sand Member (Figures 7-9).  
 
Mass-Transport Deposition of the Yafo Sand Member 
 Within the study area, there is compelling evidence that discrete blocks of the Yafo Sand 
Member have slid into some of the features created by dissolution of the Messinian Evaporites. 
The five partial-dissolution collapse features south of the Andromeda East-1 well are shown in 
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vertical profile in Figure 71. These features are interpreted to have formed due to the localized 
dissolution of the Messinian Evaporite unit, which in turn was filled by the overlying Yafo Sand 
Member (3 features on the NW side of Figure 71). The Base Yafo/Top Evaporite horizon acted 
as a detachment surface and locally, the Yafo Sand Member slid into the seafloor depressions 
created by the dissolved evaporites, resulting in a thickened interval of the sands (3 features on 
the NW side of Figure 71). 
There is evidence that the sequence of dissolution, collapse and sliding occurred 
throughout most of the study area. These processes primarily occurred within the area updip 
(southeast) of the Messinian Evaporite pinch-out. Variable amounts of evaporite dissolution 
created the local accommodation into which discrete blocks of the Yafo Sands slid, leaving a 
thicker Yafo Sand Member interval (Figure 71). Once the remaining evaporites were dissolved, 
thicker intervals of the Yafo Sand Member were inverted and remained as positive features on 
the paleo-seafloor (Figures 9, 30, 34). Most of the Group 1 mounds occur at a similar scale to 
the dissolution collapse features within the study area and the documented features south of the 
study area (Figures 9, 66) (Bertoni and Cartwright, 2005). 
 
Formation Model for Group 1 Mounds 
 The conceptual model presented in Figure 82 shows the evolution of the Andromeda 
Mound Complex Group 1 mounds (A-H) beginning immediately after the deposition of the Yafo 
Sand Member (Figure 82A) through the formation of the Erosional Unconformity (Figure 82F)  
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Time 3
Figure 82. Conceptual model for the formation of the Group 1 mounds (A-H) of the Androm-
eda Mound Complex. The 6 steps of this model are all early Pliocene. The model involves an 
initial more extensive Messinian Evaporite deposition (pink) separated from the Yafo Sand 
Member (light blue) by the Base Yafo/Top Evaporite horizon (yellow). Syrian Arc folds are red 
and episodes of uplift are marked by the large black arrows. Subtle normal faults form above 
the crests of the folds (dashed red lines) and act as fluid conduits (under saturated, 
low-salinity fluid migration annotated as blue arrows). Fluids sourced from the Oligo-Miocene  
section (or deeper) of the basin (dark blue) result in variable rates of evaporite dissolution 
(relative amounts of dissolution annotated by black line). Episodes of marine sediment 
deposition are annotated  in purple and green. The Erosional Unconformity is annotated in 
green. The model is not to scale and certian essential components (ie. normal faults and 
inverted stratigraphy) are exaggerated.
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Time 1 
 The geology of the study area is shown immediately after the deposition of the Yafo Sand 
Member (Figures 4, 8). At this time, the folds of the underlying Syrian Arc System have been 
uplifted. The drawdown of the Mediterranean Sea during the Messinian resulted in the deposition 
of an areally extensive interval of Messinian Evaporites above the Oligo-Miocene section of the 
basin. The upper surface of the Messinian Evaporites (Base Yafo/Top Evaporite Horizon) is 
nearly flat lying, which is overlain by the turbidite sheet deposits of the Yafo Sand Member. The 
Yafo Sand Member thins gently to the northwest.  
Time 2 
 The Syrian Arc Folds are reactivated; the two updip (southeast) folds have more uplift 
than the downdip (northwest) fold. The uplift of these two folds also resulted in normal faults 
with small offset above the crests of the anticlines that extend from the Oligo-Miocene strata into 
the overlying Messinian Evaporites (Figures 22, 23, 69). 
Time 3 
 The normal faults in the Miocene sediments overlying the folds begin to act as fluid 
conduits for the vertical migration of undersaturated, low-salinity fluids into the Messinian 
Evaporites. The fluids are sourced from the Oligo-Miocene (or deeper) section of the basin. 
These fluids, when reaching the Messinian Evaporites, lead to more rapid rates of evaporite 
dissolution locally above these folds. Above the middle fold, the evaporite dissolution results in a 
structural low, where the largest volume of evaporites has been removed. To compensate for the 
space created by the newly developed dissolution collapse features, individual blocks of the Yafo 
Sands slid into the bathymetric low along the basal detachment surface (Base Yafo/Top 
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Evaporite horizon). The resulting internal structure of the Yafo Sand Member is a series of thrust 
faults and box folds that locally thicken the Yafo Sand Member.  
Time 4 
 The localized sliding of the individual blocks of Yafo Sand Member into the dissolution 
collapse features creates a more irregular bathymetry. Continued deposition of marine sediments 
fill the bathymetric lows on the flanks of the thicker Yafo Sand Member and other depositional 
lows associated with Messinian Evaporite thickness variations.   
Time 5 
 The continued evaporite dissolution resulted in the inversion and rotation of the areas of 
accommodation filled in Time 4 (somewhat similar to a turtle structure). This deformation 
creates a shift in the depositional lows in the study area. The newly created areas of 
accommodation are again filled with flat lying marine sediments.  
Time 6 
 The Messinian Evaporites continue to dissolve and a majority of the updip (southeast) 
evaporites are removed. The bathymetric lows filled during Time 5 with flat lying sediments 
deform and collapse as the evaporites are removed from below. An unknown amount of 
sediment is removed via the Erosional Unconformity. The continued uplift of the updip 
(southeastern) Syrian Arc fold has resulted in an overall thinning of the post Yafo Sand Member 
stratigraphy across what is now a structural high. 
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 The sliding of discrete blocks of the Yafo Sand Member into dissolution collapse features 
throughout the study area account for several observed characteristics of the mounds: (a) the 
Group 1 mounds often have a circular external geometry (Figure 9); (b) the variable thrust 
vergence direction (Figure 9); (c) the apparent rotated onlapping reflections on the flanks of 
several mounds (inverted iso-thicks) (Figure 32); and (d) the high-angle flanks of the mounds 
(steeper than the sands original depositional dip due to evaporite dissolution and Yafo Sand 
Member inversion) (Figure 32).  
 
d1 and d2 Interpretation   
 In contrast to the model proposed above for the Group 1 mounds, the size and complexity 
of the Group 2 and 3 mounds need additional factors to be considered, specifically the two 
depressions (d1 and d2) to the northwest of the Andromeda East-1 well likely played a role in 
genesis these mounds (Figures 7, 9, 17, 64). The thick intervals of growth-related sediments, in 
addition to observed iso-thick shifting near the mounds of Group 3, indicate that there was late or 
post mound movement and volume loss (Figures 58-60, 72A-D, 74-76).  
Two possible interpretations for the d1 and d2 depressions are discussed here (Figure 
18). The first scenario is that the d1 and d2 depressions are large pockmarks that developed on 
the paleo-seafloor. The second interpretation is that these depressions developed associated with 
later remobilized sand.  
For the first interpretation, pockmarks are typically circular to nearly circular depressions 
that are interpreted as fluid escape features on the seafloor (Pilcher and Argent, 2007). 
Pockmarks typically form in two scenarios: a catastrophic event associated with the expulsion of 
gas from overpressured shallow accumulations and the second scenario is the result of 
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continuous fluid discharge, hindering sediment deposition around the seep (Hovland and Judd 
1988). They are documented to range from 10 m to 4 km in diameter and from 1-200 m in depth 
(Jobe and Lowe, 2009). The d1 depression is approximately 1 km in diameter and 285 m deep, 
whereas d2 is approximately 1.6 km in diameter and 370 m deep (Figures 17, 64). The d1 and 
d2 appear to be larger than other documented pockmarks. The fluids necessary to create these 
two possible pockmarks (d1 and d2) were likely sourced from the Oligo-Miocene section of the 
basin or from the deeper Syrian Arc structures (Figures 14, 64). Specifically, there is some 
evidence of possible fluid accumulations in the two southeastern-most Syrian Arc folds (Figures 
15, 69, 83). An RMS amplitude extraction map of the Base Oligocene horizon shows the 
occurrence of seismic amplitude anomalies along the crests of the middle and southeastern folds 
(Figure 83). The structurally shallower seismic amplitude anomalies of the middle fold are 
interpreted as gas chimneys charging Mounds A and B (Figures 14, 15). The southeastern-most 
fold has several smaller seismic amplitude anomalies, and also displays evidence of fluid escape 
features above the crest of this fold (Figure 83). These features are interpreted as small 
pockmarks in the overlying Yafo Sand Member (Figures 70, 84).  
In addition to the RMS amplitude extraction map, the interval velocity profile discussed 
above shows anomalously low velocities in the crests of the two southeastern-most folds (Figure 
81B). Away from the fold crests, the interval velocities increase consistently through the section 
(Figure 81B). This is also evidence of a low velocity fluid accumulation (i.e. gas) in the 
structurally shallowest position of these two Syrian Arc folds.  
The northeastern-most Syrian Arc fold does not display any significant seismic amplitude 
anomalies or anomalously low interval velocities in the fold crest (Figure 83). Possibly, any 
fluids that had migrated into the northeastern-most fold were not trapped due to a lack of seal. 
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AE-1
Amplitude
N
10 km
6.2 mile
Anticline
Figure 6
Syncline
Figure 15
Figure 83. RMS amplitude map extracted at the Base Oligocene (Top Syrian Arc Fold) 
horizon. The higher amplitude values correspond to potential gas bearing zones within the 
Syrian Arc Folds. The dashed portions of the fold axes are locations where these axes have 
been eroded. The location of the Andromeda East-1 well  is annotated AE-1. The Messinian 
Evaporite pinch-out and the edge of the AMC is are annotated for reference in pink and blue, 
respectively.   
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Figure 84. Seismic profile through pockmarks above the southeastern most Syrian 
Arc Fold: (A) uninterpreted, (B) interpreted. Onlap and truncation arrows are red. 
Note the reflections of the Yafo Sand Member are rolling over into the space created 
by the expulsion of fluids on the paleo-sea floor. See Figure 70 for seismic profile 
location.
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The erosion of sealing shales overlying this fold crest is one explanation for this failure. This 
erosion, associated with the Base Oligocene horizon, is an erosional surface throughout much of 
the study area (Figures 6, 14, 64). The Andromeda Mound Complex, the downdip (northwest) 
Messinian Evaporite pinch-out, and the two depressions (d1 and d2) all directly overlie the 
location where the Base Oligocene horizon is interpreted to have removed the largest volume of 
strata from the Syrian Arc folds (Figures 6, 14, 64).  
As described above, the structural configuration of the interpreted blue horizons that 
underlie and are subjacent to the d2 depression are unusual in their geometries (Figure 64). 
Specifically, there is a clear seismic “pull-up” below the d2 depression, which corresponds to the 
absence of overlying Messinian Evaporites (i.e. high interval velocity) (Figure 64). In contrast, 
the d2 depression is filled with lower velocity Yafo Sand Member (Figure 64). Clearly this 
concave upward reflection below the d2 depression is not caused by velocity “pull-up” (Figure 
64). Instead, these blue horizons are interpreted to have formed associated with fluid expulsion 
(Figure 64). Specifically, the convex upward reflections from 3.0-3.3 sec are interpreted to have 
formed from upward fluid migration, and the concave upward reflection geometries directly 
below the depression (d2) (2.7-3.0 sec) are interpreted to be the seismic expressions of the fluid 
expulsion (Figure 64). The concave upward reflections are interpreted to be the result of a 
volume loss associated with the strata expelled as the fluids escaped at the paleo-seafloor 
(Figure 64). The sustained migration of fluids expelled large volumes of material onto the paleo-
seafloor, resulting in the large, pre-Messinian, negative relief features (d1 and d2) (Figure 6, 7, 
17, 64). These reflection geometries observed below d1 and d2 are similar to those described by 
Davies (2003) below fluid escape features on the western margin of the Niger Delta. 
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The second interpretation is that d1 and d2 are volume loss features associated with 
remobilized sands with significant volume loss. This interpretation is similar to the model 
presented by Frey-Martinez et. al., (2007) for Mari B and Nir fields to the southeast (Figures 4, 
5).  
The primary processes involved with this interpretation are similar to those described in 
the pockmark interpretation above. The reflection configurations described above, below the d1 
and d2 depressions, are evidence of the upward flow of fluid or sediment (3.0-3.3 sec) and the 
volume of sediment removed just below the Base Yafo/Top Evaporite horizon (2.7-3.0 sec) 
(Figure 64). This process occurred post Yafo Sand Member deposition and the volume of 
sediment remobilized was injected into the overlying Yafo Sand Member as opposed to expelled 
onto the paleo-seafloor. This is one possible explanation for the poor reflectivity of the Group 3 
mounds found near d1 and d2 described above. The siliciclastic injection into the overlying 
Group 3 mounds deformed the internal stratigraphy and masked any evidence of the faulting and 
growth-related sediments observed in Groups 1 and 2. Similar to the pockmark interpretation the 
fluids necessary for this process were possibly sourced from the Oligo-Miocene section of the 
basin, primarily the Afiq Submarine Canyon that intersects the flanks of d1 and d2 or the deeper 
Syrian Arc structures (Figures 14, 17, 62, 64). 
The close relationship of the d1 and d2 depressions with the Group 2 and 3 mounds 
indicates that these depressions have influenced the mounds within these groups. Neither 
interpretation described above has compelling supporting evidence. With increased seismic 
resolution or reprocessing of the 3D seismic volume, other possible interpretations may arise.   
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Formation Model for Group 2 and 3 Mounds 
The model presented here for the formation of the mounds in Group 2 and 3 utilizes the 
pockmark interpretation for the formation of the d1 and d2 depressions (Figure 18). 
 
Time 1 
The geometry of the study area during the Miocene is shown in Figure 85. At this time, 
the folds of the underlying Syrian Arc System have been uplifted. The downdip (northwest) 
Syrian Arc fold has experienced the largest volume of stratigraphy incised by the Base Oligocene 
unconformity. A series of channels and channel complexes are preserved in the Oligo-Miocene 
section of the basin (Figure 64).  
Time 2 
 A large volume of fluids, likely related to hydrocarbon generation and overlying seal 
failure, is released from the downdip (northwest) Syrian Arc fold. As these fluids migrate 
through the Oligo-Miocene section of the basin, the stratigraphy overlying the Syrian Arc fold is 
deformed. The deeper intervals of Oligo-Miocene stratigraphy are deformed upward. Once these 
migrating fluids reach the paleo-seafloor, a large volume of sediment is expelled into the water 
column along with the released fluids. As the volume of sediment is removed from below, the 
stratigraphy near the paleo-seafloor rolls over into the newly formed pockmark.  
Time 3 
  The drawdown of the Mediterranean Sea during the Messinian resulted in the deposition 
of an areally extensive interval of Messinian Evaporites above the Oligo-Miocene section of the 
basin. A thicker unit of Messinian Evaporites is deposited in the pockmark that developed on the 
seafloor during Time 2. The upper surface of the Messinian Evaporites (Base Yafo/Top 
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Figure 85. Conceptual model for the formation of the Group 2 (I and J) and 3 (K-O) mounds 
of the Andromeda Mound Complex. The 6 steps of this model are late Miocene to early 
Pliocene. The model involves the pre-Messinian escape of fluids (red arrow) onto the paleo-
seafloor expressed as a large pockmark (B), Evaporite deposition (pink) filling this pockmark 
and separated from the Yafo Sand Member (light blue) by the Base Yafo/Top Evaporite 
horizon (yellow) (C). Syrian Arc folds are red and episodes of uplift are marked by the large 
black arrows (F). Subtle normal faults form above the crests of the folds (dashed redlines) 
and act as fluid conduits (under saturated, low-salinity fluid migration annotated as blue 
arrows). Fluids sourced from the channel complex (orange) in the Oligo-Miocene (or deeper) 
section (dark blue) of the basin result in variable rates of evaporite dissolution. Redeposition 
of YSM growth sediments are annotated in light blue. Episodes of marine strata deposition 
are annotated  in green. The model is not to scale and certian essential components (ie. 
normal faults and inverted stratigraphy) are exaggerated.
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Evaporite horizon) is nearly flat lying, which is overlain by the turbidite sheet deposits of the 
Yafo Sand Member. The Yafo Sand Member thins gently to the northwest.  
Time 4 
The channel fill complexes in the Oligo-Miocene section that are subjacent and lateral to 
the pockmark have retained volumes of undersaturated, low-salinity fluids. Locally, underlying 
the pockmark, the sealing units within the Oligo-Miocene section were breached during the 
release of deeper fluids at Time 2. The breached sealing units underlying the pockmark allow for 
the migration of the undersaturated, low-salinity fluids towards the thick interval of evaporites 
within the pockmark. The undersaturated, low-salinity fluids begin to dissolve the evaporites in 
contact with the base of the pockmark and the Oligo-Miocene section. The overlying collapse 
creates a seafloor depression that is then filled by sliding blocks of the Yafo Sand Member. The 
bathymetrically elevated portions of the deformed Yafo Sand Member are then eroded and 
redeposited as growth-related sediments (light blue lines) in the zone of accommodation on the 
flank of the thrust sheet. Unlike the Group 1 mounds, there was likely movement from multiple 
directions along the basal detachment surface (Top Evaporite/ Base Yafo horizon) towards the 
dissolving evaporites within pockmark. In addition, there is no strong evidence indicating an 
extensional zone within the Yafo Sand Member. Because the updip evaporite dissolution is 
related to the early Pliocene uplift of the Syrian Arc folds, no significant dissolution occurs 
southeast of the pockmark. 
Time 5 
 The unit of Messinian Evaporites within the pockmark continues to dissolve with 
continued fluid migration from the Oligo-Miocene channel complexes. The discrete blocks of 
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Yafo Sand Member continue to fill the seafloor depression created by the underlying evaporite 
dissolution and collapse. The downdip (northwest) portion of the Yafo Sand Member is 
transported towards the pockmarks (southeast) resulting in a more abrupt thinning above the 
Messinian Evaporites of the Yafo Sand Member (Figures 8, 64). 
The additional sediment load of the thickened Yafo Sand Member and related growth 
sediments begins to deform the Messinian Evaporites within the pockmark (black arrows in 
Figure 85E). The lateral movement of portions of the Messinian Evaporite unit deforms and 
rotates some of the Yafo Sand Member.  
Time 6 
 The episode of early Pliocene Syrian Arc uplift prominent in the formation of the Group 
1 mounds, occurs at this time. The additional fluid conduits (normal faults) overlying the crests 
of the updip (southeast) folds result in the dissolution of most of the updip (southeast) Messinian 
Evaporites. This is the same process described in Figure 82B-F. The dissolution of the 
underlying evaporite interval, updip (southeast) of the pockmark, results in some rotation of the 
Group 2 mounds. Most of the internal structure and growth-related sediments are preserved in 
these mounds. The Group 3 mounds, near the pockmark, are further deformed as they are 
affected by the dissolution of the remaining evaporites within the pockmark. Little evidence of 
the thrust faulting and growth-related sedimentation is preserved. Also, remnant evaporites may 
be preserved in portions of the Group 3 mounds.  
 
 This interpretation uses evaporite movement and secondary deformation of the Group 3 
mounds to explain the internal reflection heterogeneity. An alternative interpretation is that in 
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addition to the Yafo Sand Member sliding described above, there was also remobilized 
siliciclastic injection similar to the mounds described by Frey-Martinez et al. (2007) (Figure 5). 
This second interpretation would also provide a valid scenario for the lack of internal reflection 
continuity of the Group 3 mounds and the observed reflection geometries below the d1 and d2 
depressions (Figures 18, 64).   
 
Timing of Main Events 
 The timing of the main geologic events within the study area is summarized in Figure 86. 
Syrian Arc contraction began during the Late Cretaceous and has experienced several episodes 
of uplift. The latest episode was during the early Pliocene (Figure 86). Canyon incision and 
sediment fill, primarily Afiq, el-Arish and Ashdod, began during the early Oligocene and 
continued through the late Miocene (Figure 86). The latest episodes of canyon fill resulted from 
the “Messinian Salinity Crisis” and the Yafo Sand Member deposition (Figure 86).  
 Several important events occurred over a geologically short period of time (Figure 86). 
The timing of the formation of the d1 and d2 depressions is only partially constrained (Figure 
86). If they developed as seafloor pockmarks, then they likely formed prior to the Messinian 
(Figure 86). However, if these features are the result of later siliciclastic remobilization and 
injection, then they may have formed after the end of the Messinian Salinity Crisis (Figure 86). 
Although the timing of their development is unclear, the duration of the event was likely brief 
(Figure 86).  Between 5.96 Ma and 5.33 Ma The “Messinian Salinity Crisis” deposited the 
areally extensive evaporite unit (Figure 86). Then, the Yafo Sand Member was deposited above 
the evaporite interval between 5.05 Ma and 4.0 Ma (Figure 86). Early episodes of 
undersaturated, low-salinity vertical fluid migration began almost immediately after the end of 
174
Fi
gu
re
 8
6.
 T
im
in
g 
an
d 
du
ra
tio
n 
of
 th
e 
m
ai
n 
ev
en
ts
 w
ith
in
 th
e 
st
ud
y 
ar
ea
. G
eo
lo
gi
c 
E
po
ch
s 
ar
e 
no
t t
o 
sc
al
e.
 R
ed
 in
ci
at
es
 a
 lo
w
er
 d
eg
re
e 
of
 
un
ce
rta
in
ty
 w
ith
 th
e 
tim
in
g 
of
 th
e 
re
sp
ec
tiv
e 
ev
en
t. 
P
in
k 
in
di
ca
te
s 
a 
hi
gh
er
 d
eg
re
e 
of
 u
nc
er
ta
in
ty
 o
f t
he
 ti
m
in
g 
an
d 
du
ra
tio
n 
of
 th
e 
ev
en
t. 
 
Sy
ria
n 
Ar
c 
U
pl
ift
C
an
yo
n 
In
ci
si
on
Ev
ap
or
ite
 
D
ep
os
iti
on
Ya
fo
 S
an
d 
M
em
be
r 
D
ep
os
iti
on
M
as
s-
M
ov
em
en
t 
Ev
en
ts
Pl
ei
st
oc
en
e
Pl
io
ce
ne
O
lig
oc
en
e
C
an
yo
n
Fi
ll 
M
es
si
ni
an
 
S
al
in
ity
 
C
ris
is
N
or
m
al
 fa
ul
ts
 (f
lu
id
 
co
nd
ui
ts
) r
es
ul
tin
g 
fro
m
 
la
te
 S
yr
ia
n 
A
rc
 U
pl
ift
Y
S
M
 
m
as
s-
m
ov
em
en
t i
nt
o 
di
ss
ol
ut
io
n 
fe
at
ur
es
Ti
m
e 
Ev
ap
or
ite
 
Ev
ac
ua
tio
n
5.
05
 M
a
4.
0 
M
a
5.
96
 M
a
5.
33
 M
a
?
?
33
.9
 M
a
23
.0
3 
M
a
5.
33
 M
a
1.
81
 M
a
D
ep
re
ss
io
n
Fo
rm
at
io
n
(d
1 
an
d 
d2
)
P
oc
km
ar
k 
fo
rm
at
io
n 
or
 
si
lic
ic
la
st
ic
 
in
je
ct
io
n
Fl
ui
d 
m
ig
ra
tio
n 
fro
m
 
th
e 
O
lig
o-
M
io
ce
ne
 
ch
an
ne
l c
om
pl
ex
es
M
io
ce
ne
Fl
ui
d 
M
ig
ra
tio
n
an
d 
Ev
ap
or
ite
 
D
is
so
lu
tio
n
La
rg
e 
M
TD
s
?
?
175
the Messinian (Figure 86). The evaporites within the two depressions (d1 and d2) were 
dissolved by this first episode (Figure 86). Continued uplift of the Syrian Arc during the early 
Pliocene resulted in normal faults above the crests of the underlying structures. Additional 
vertical migration of fluids resulted in widespread Messinian Evaporite dissolution (Figure 86). 
These two dissolution events caused collapse features into which the mass-movement of the 
Yafo Sand Member occurred (Figure 86).  
 Within the study area, Syrian Arc uplift ceased in the late Pliocene (Figure 86). The 
remaining evaporites updip (southeast) of the Messinian Evaporite pinch-out were dissolved by 
the late Pliocene (Figure 86). During the late Pliocene, downdip (northwest) evacuation of the 
Messinian Evaporites began (Figure 86).  The minor evaporite evacuation has continued through 
the Pleistocene (Figure 86). Finally, with continued sedimentation associated with the 
prograding continental slope, several large mass-transport events occurred in the late Pliocene 
and Pleistocene (Figure 86). 
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CONCLUSIONS 
1. The lower Pliocene deepwater Andromeda Mound Complex is located in the Levant 
Basin in the southeastern Mediterranean Sea. A series of fifteen individual and small groups of 
mounds (A-O) are present in the Andromeda Mound Complex. The individual mounds range in 
thickness between 212 m to 502 m, and in area between 0.25 km2 to 10.54 km2. All fifteen 
originated within the lower Pliocene Yafo Sand Member stratigraphic interval. The mounds are 
present at the updip (southeast) pinch-out of the Messinian Evaporites. 
2. A detailed 3D seismic interpretation indicates the mounds consist of primarily thrust 
faults and box folds. The principle thrust vergence of the faults is not dependant on the current 
regional dip of the Base Yafo/Top Evaporite horizon. The 15 mounds were classified in 3 
distinct groups. Group 1 consist of Mounds A-H and this group is the least structurally complex. 
They are also the smallest mounds in both area and thickness. Mounds I and J constitute Group 
2. These mounds were formed through multiple growth events and also have an element of 
growth-related sedimentation. Group 3 mounds (K-O), which due to the common lack of internal 
reflectivity and continuity, can only be described in terms of external geometry and location. 
Group 3 mounds all occur near the two large depressions (d1 and d2) to the northwest of the 
Andromeda East-1 well. Later deformation related to the formation of the depressions (d1 and 
d2) is likely the cause of the poor internal reflection continuity of these mounds.   
3. The only well that penetrates the Andromeda Mound Complex is the Andromeda East-1 
well, drilled in 2001 and penetrated Mound J. At the wellbore, the mound is 345 m thick and 
consists of 80% fine to very fine sand. Major condensed sections sit at the top and base of the 
Mound. Benthic foraminifera place the deposition of the Yafo Sand Member in middle bathyal 
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water depths. No evaporites are present at the core of the mound. At least two distinct thrust 
faults are present at the wellbore.  
4. The mounds that compose the Andromeda Mound Complex are unique features in their 
formation. Similar mounded features have not been described in the literature in deepwater 
basins around the world. Quite likely there was a confluence of several conditions that resulted in 
the pronounced mounding of the Yafo Sand Member. The model presented in this thesis explains 
the important components that resulted in the Andromeda Mound Complex formation. These 
components include: (a) the formation of large pre-Messinian pockmarks (d1 and d2); (b) areally 
extensive initial Messinian Evaporite deposition; (c) deposition of the turbidite sands of the Yafo 
Sand Member above the low gradient upper Messinian Evaporite surface (Base Yafo/Top 
Evaporite horizon); (d) undersaturated, low-salinity fluid migration from Oligo-Miocene channel 
fill complexes, resulting in the dissolution of the Messinian Evaporites within the two 
depressions (d1and d2); (e) early Pliocene Syrian Arc uplift, which created widespread vertical 
conduits for undersaturated, low-salinity fluid migration into the Messinian Evaporites; (f) 
widespread, variable amounts of Messinian Evaporite dissolution within the study area; (g) 
mass-movement of discrete blocks of Yafo Sand Member along the basal detachment surface 
(Base Yafo/Top Evaporite horizon) into collapse features associated with Messinian Evaporite 
dissolution; and (h) continued Syrian Arc uplift and Messinian Evaporite dissolution resulting in 
the inversion and rotation the mounded portions of the Yafo Sand Member and overlying 
sediment. 
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